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ABSTRACT 
Electrical impedance tomography (EIT) is a medical imaging technology that 
provides a tomographic representation of the distribution of electrical impedance within 
the body. As the electrical impedance varies for different body tissues, it is possible to 
characterize tissues from the images and to detect physiological events. 
EIT systems have been developed from applying a single signal frequency to a 
range of frequencies. Imaging at multiple frequencies significantly improves the ability to 
characterize and differentiate heterogeneity within the region of interest. Applications of 
EIT are limited by its poor resolution as a consequence of limited number of electrodes 
and lack of independently published measurements. 
In a practical EIT system design the parallel structure is normally adopted as it 
provides a real time monitoring structure. However, there is a difficulty in expanding to a 
2-dimensitional or 3-dimensitional high resolution imaging system, as the number of 
electrodes increase. 
In this thesis, a serial structure spectrum EIT system has been investigated and 
developed. Modelling of the electrical circuit has shown that the system bandwidth is 
degraded primarily by the signal transmission in the coaxial cable and multiplexer. To 
remove the capacitive effect of these components, a distribute system concept has been 
developed. The concept uses active electrodes in which a current source and a front end 
amplifier are embedded in the electrode which makes direct contact with the tissue being 
measured. 
The active electrode is based on the Howland current source. The required high 
output impedance of Howland current source can be realised by matching the two resistor 
arms. However, from the electrical equivalent circuit analysis the actual output impedance 
of this circuit was found to be degraded by the op-amp' s limited open loop gain, 
especially at higher frequencies. To solve the problem, the author describes in detail a 
novel method of compensating for the above effects. Subsequent circuit tests showed 
significant improvement after the compensation. Further, to improve the small signal 
noise ratio a programmable gain amplifier to adapt the frame data measurement was 
developed. These developments have led to the feasibility of active electrodes. The thesis 
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describes in detail the development, of the MK2 EIT system which is presented as the 
output of this research. 
-II-
ACKNOWLEDGEMENTS 
I would like to take this opportunity to acknowledge everyone for the assistance 
given to me throughout my period at De Montfort University. 
First of all, I would like to thank my first supervisor Dr Wei Wang for giving me this 
opportunity to study in De Montfort University, and the discussion and suggestion during 
this period. 
I would like to thank my second supervisor Prof. Malcolm McCormick for his patient 
in my English and his invaluable contribution to the manuscript. 
I am very grateful to Mr Dilip Chauhan, Dr Brian Bramer and the members in my 
group for the help provided during my studies. 
Special thanks to my wife Huiyan for her constituent support and encouragement and 
my daughter Shan for her happiness given to me. 
- III -
DECLARA TION 
The work presented within this thesis is the exclusive work of the author, Jieqiu 
Yang, except where otherwise acknowledged. Furthermore, the work presented has not 
been published or otherwise distributed by any person other than the author. 
- IV -
Jieqiu Yang 
May 2006 
CONTENTS 
INTRODUCTION ................................................................................ .. 1 
CHAPTER 1 REVIEW ....................................................................................................... 5 
1.1 ELECTRICAL IMPEDANCE OF BIOLOGICAL TISSUE .................................................. 5 
1.2 ELECTRICAL IMPEDANCE MEASUREMENT .............................................................. 7 
1.3 IMPEDANCE FREQUENCY CHARACTERISTICS OF BIOLOGICAL TISSUES ................. 10 
1.4 EIT RECONSTRUCTION ......................................................................................... 12 
1.4.1 The principle of image reconstruction ........................................................... 12 
1.4.2 Back-projection image reconstruction algorithm .......................................... 13 
1.4.3 Newton-Raphson algorithm ............ ................................................................ 17 
1.5 EIT HARDWARE SySTEM ...................................................................................... 19 
1.5.1 EIT data acquisition system structure ............................................................ 20 
1.5.2 Constant current source ......................................................... ......................... 21 
1.5.3 Voltage signal measurement ........................................................................... 23 
1.5.4 Voltage signal demodulation .......................................................................... 26 
1.6 SUMMARY ............................................................................................................ 28 
CHAPTER 2 DE MONTFORT MKI SYSTEM REVIEW AND MK2 SYSTEM 
DEVELOPMENT .............................................................................................................. 29 
2.1 DE MONTFORT MKI SYSTEM REVIEW ................................................................. 29 
2.2 BREAST TISSUE BIOELECTRIC PROPERTY INVESTIGATION IN DMU ..................... 30 
2.3 DE MONTFORT MK2 SYSTEM DEVELOPMENT ..................................................... 31 
2.4 THE AIMS OF THE THESIS ...................................................................................... 32 
2.5 SUMMARY ............................................................................................................ 33 
CHAPTER 3 WIDE BAND HOWLAND CURRENT SOURCE ............................... 34 
3.1 INTRODUCTION ..................................................................................................... 34 
3.2 HOWLAND CURRENT SOURCE ............................................................................... 34 
3.2.1 Basic Structure of Howland Circuit ............................................................... 35 
3.2.2 The improved Howland current source .......................................................... 36 
3.3 THE PROBLEMS ON MATCHING HOWLAND CIRCUIT RESISTORS ........................... 37 
3.3.1 The effect of unmatched resistors in Howland circuit ................................... 37 
3.3.2 The effect of non ideal operational amplifier in Howland circuit ................. 39 
3.4 THE SOLUTION TO IMPROVE HOWLAND CIRCUIT PERFORMANCE ........................ 42 
3.5 PSPICE SIMULATION ........................................................................................... 43 
3.5.1 Simulation 1: Howland circuit with a non-ideal op-amp ............................. 45 
3.5.2 Simulation 2: compensated the Howland circuit .......................................... 48 
3.5.3 Simulation conclusions ........................................................................ ........... 50 
3.6 THE CURRENT SOURCE PCB DESIGN AND TEST .................................................... 51 
3. 6.1 The design of the printed circuit board of the current source ....................... 51 
3.6.2 Test of the printed circuit board of the current source .................................. 52 
3.7 DIFFERENTIAL CURRENT SOURCE ........................................................................ 54 
3.8 VOLTAGE CONTROLLED CURRENT SOURCE (VCCS) ........................................... 57 
- V-
3.9 SUMMARY ............................................................................................................ 58 
CHAPTER 4 VOLTAGE MEASUREMENT ............................................................... 60 
4.1 INTRODUCTION ..................................................................................................... 60 
4.2 VOLTAGE MEASUREMENT ON THE BODY SURF ACE ............................................ 61 
4.2.1 Input impedance of the front-end amplifier ............................................... ..... 61 
4.2.2 Common mode voltage rejection ............................................. ....................... 62 
4.2.3 Electric potential of polarization on the receiving electrodes ....................... 66 
4.3 DESIGN OF FRONT-END AMPLIFIER ..................................................................... 67 
4.3.1 High CMRR Instrument Amplifier .................................................................. 68 
4.3.2 High-pass filtering and the input impedance of the instrument amplifier .... 71 
4.3.3 Building of the printed circuit board ................................................. ............. 73 
4.3.4 CMRR test of the front-end amplifier on the printed circuit board ............... 74 
4.3.5 Conclusions ..................................................................................................... 76 
4.4 PROGRAMMABLE GAIN AMPLIFIER (PGA) .......................................................... 77 
4.4.1 Design of programmable gain amplifier ........................................................ 77 
4.4.2 Timing control ofPGA ................................................. ................................... 81 
4.4.3 The calibration of amplifier for gain error and phase shift .......................... 82 
4.4.4 Prototype of PGA circuit and its performance .............................................. 83 
4.4.5 Conclusions ..................................................................................................... 84 
4.5 SUMMARIES .......................................................................................................... 84 
CHAPTER 5 DEMODULATION ................................................................................... 86 
5.1 INTRODUCTION ..................................................................................................... 86 
5.2 COHERENT PHASE SENSITIVE DEMODULATION .................................................... 86 
5.2.1 Principle of coherent demodulation ............................................................... 87 
5.2.2 Improvement of low-pass filtering for fast data acquisition .......................... 88 
5.2.3 Effect of dc offset on demodulation ................................................................ 91 
5.2.4 Effect of polarization potential on demodulation ........................................... 93 
5.3 IMPLEMENTATION OF ANALOGUE COHERENT DEMODULATION ........................... 95 
5.3.1 Multiplier ............................................ ............................................................. 95 
5.3.2 Integrator ............................................ ............................................................. 97 
5.3.3 Circuit design and control timing ................................................ ................... 99 
5.4 IMPLEMENTATION OF DIGITAL COHERENT DEMODULATION .............................. 102 
5.5 SUMMARY .......................................................................................................... 104 
CHAPTER 6 SYSTEM STRUCTURE AND SYSTEM TIMING ............................ 106 
6.1 INTRODUCTION ................................................................................................... 106 
6.2 STRUCTURE OF EIT DATA ACQUISITION SYSTEM ............................................... 107 
6.2.1 Serial structure EIT sys tem ........................................................................... 108 
6.2.2 Multiplexer performance .............................................................................. III 
6.2.3 The coaxial cable effects ............................................................................... 114 
6.2.4 The performance of multiplexer and coaxial cable path ............................. 117 
6.2.5 Conclusion of signal transmission ................................................................ 119 
6.2.6 Active electrode ................ ............................................................................. 119 
6.3 MEASUREMENT STRATEGY ................................................................................ 120 
6.3.1 Neighbouring method. ................................................ ................................... 120 
6.3.2 Cross method ................................................ ................................................. 1]1 
6.3.3 Opposite method ........................................................................................... 12~ 
- VI-
6.3.4 Explanation of measurement on mathematics and physics ......................... 123 
6.4 SYSTEM CONFIGURATION ................................................................................... 125 
6.5 SYSTEM TIMING AND IMPLEMENTATION ............................................................ 128 
6.6 SAFETY DESIGN FOR MEDICAL APPLICATION ..................................................... 129 
6.7 SUMMARY .......................................................................................................... 130 
CHAPTER 7 ELECTRODES SYSTEM AND PHANTOM ..................................... 133 
7.1 INTRODUCTION ................................................................................................... 133 
7.2 ELECTRODE/TISSUE INTERFACE IMPEDANCE ...................................................... 133 
7.3 ELECTRODE MATERIAL ...................................................................................... 135 
7.4 ELECTRODE LEADS CONNECTION ....................................................................... 137 
7.5 SALINE PHANTOM DESIGN .................................................................................. 137 
7.6 ELECTRONIC NETWORK CALIBRATION DEVICE DESIGN ...................................... 139 
7.7 SUMMARY .......................................................................................................... 141 
CHAPTER 8 EIT SYSTEM INTEGRATION AND IMPLEMENTATION .......... 142 
8.1 INTRODUCTION ................................................................................................... 142 
8.2 DE MONTFORT MK2 SYSTEM DESCRIPTION ..................................................... 143 
8.3 SYSTEM PERFORMANCE ..................................................................................... 145 
8.3.1 System self-test and calibration .................................................................... 146 
8.3.2 Electronic phantom test ................................................................................ 148 
8.3.3 Saline tank data collection ................................... .. , ...................................... 151 
8.3.4 Human body image reconstruction .............................................................. 153 
8.4 NOISE SOURCES AND ANALYSIS ......................................................................... 154 
8.5 SUMMARY .......................................................................................................... 155 
CHAPTER 9 CONCLUSIONS AND FUTURE WORKS ......................................... 157 
9.1 CONCLUSIONS .................................................................................................... 157 
9.2 CONTRIBUTIONS OF THE THESIS ......................................................................... 160 
9.3 FUTURE WORKS .................................................................................................. 161 
BIBLIOGRAPHy ............................................................................... 166 
ABBREVIATION ................................................................................ 170 
-VII-
LIST OF FIGURES 
Figure 1.1 Biological tissue impedance measurement ......................................................... 5 
Figure 1.2 The basic 3-element equivalent electric circuit of biological impedance ZB ..... 6 
Figure 1.3 The Cole-Cole plot of three-component equivalent circuit of biological tissue 7 
Figure 1.4 Two-electrode impedance measurement. ............................................................ 8 
Figure 1.5 The four-electrode impedance measurement ...................................................... 9 
Figure 1.6 The complex impedance spectrum of tissues [9] .............................................. 11 
Figure 1.7 The domain to be imaged with two pairs of electrodes A and B on the 
boundary ............................................................................................................ 14 
Figure 1.8 The principle of the back projection along equipotential line algorithm ......... 15 
Figure 1.9 The definition of sensitivity matrix S ................................................................ 16 
Figure 1.10 2-dimension finite element model ................................................................... 18 
Figure 1.11 The isolated negative-feedback current source used in early EIT system ..... 22 
Figure 1.12 Basic circuit structure of Howland current source .......................................... 22 
Figure 1.13 Integrated current-feedback amplifier (CF A) used as voltage controlled 
current source .................................................................................................... 23 
Figure 1.14 The AC-coupled bootstrapped buffer as front-end of voltage measurement 
circuit ................................................................................................................. 24 
Figure 1.15 The instrumentation amplifier used as differential signal measurement can 
provides high common mode rejection ratio ............................................... 25 
Figure 1.16 The differential-input voltage-controlled current sources structure front-end 
amplifier used in Oxford Brooks system design .............................................. 26 
Figure 2.1 The De Montfort MKI system .......................................................................... 29 
Figure 2.2 The chamber with the cables used in the tissue bioelectric property research 30 
Figure 2.3 Stroma and tumour tissues electrical property at wide frequency bandwidth .. 31 
Figure 3.1 The basic structure of Howland current source ................................................. 35 
Figure 3.2 The improved Howland current source circuit.. ................................................ 36 
Figure 3.3 The operational amplifier internal electric model given in Howland current 
source which is presented with limited input-impedance Rid and limited open-
loop gain Aod ..................................................................................................... 39 
- VIII -
Figure 3.4 Fully symmetrical differential input stage of operational amplifier OPA620 .. 45 
Figure 3.5 The Howland circuit in PSPICE simulation ...................................................... 46 
Figure 3.6 The Howland current source simulation: the current output versus the 
frequency with the resistor network setting 1 (loading is changed from 200n 
o to 2000n * by a step of200n) ..................................................................... 47 
Figure 3.7 The Howland current source simulation: the current output versus the 
frequency with the resistor network setting 2 (loading is changed from 200n 
o to 2000n * by a step of 200n) ..................................................................... 47 
Figure 3.8 The Howland circuit simulation result with resistor setting 1 plus resistor value 
adjustment (loading is changed from 200n 0 to 2000n * by a step of 200n) 
........................................................................................................................... 49 
Figure 3.9 The Howland circuit simulation result with resistor setting 2 plus resistor value 
adjustment (loading is changed from 200n 0 to 2000n * by a step of 200n) 
........................................................................................................................... 49 
Figure 3.10 The current source ............................................................................................ 51 
Figure 3.11 The current source equivalent output-impedance measurement .................... 52 
Figure 3.12 The Howland current source simulation: the output impedance versus 
frequency ........................................................................................................... 53 
Figure 3.13 The Howland current source PCB circuit test: the output impedance versus 
frequency ........................................................................................................... 53 
Figure 3.14 The single current source injection mode in electrical impedance 
measurement. ..................................................................................................... 54 
Figure 3.15 The differential current source injection mode in electrical impedance 
measurement ...................................................................................................... 55 
Figure 3.16 The differential current source equivalent electric model .............................. 56 
Figure 3.17 The direct digital synthesis VCCS block diagram and the current distribution 
........................................................................................................................... 57 
Figure 4.1 The equivalent electrical circuit model of the input stage of the front-end 
amplifier ................ '" ......................................................................................... 61 
Figure 4.2 The differential voltage measurement with the grounded differential current 
d · . 6~ source rIVIng .................................................................................................... .) 
- IX-
Figure 4.3 The electrical resistance phantom (the electrodes position are marked by 
numbers) ............................................................................................................ 64-
Figure 4.4 Neighbour receiving electrode pair: differential voltage (green) and common 
mode voltage (red) in 16 electrodes configuration ........................................... 65 
Figure 4.5 The CMRR of front-end amplifier needed for restrain common voltage error 
less than 1 % (black) or 0.1 % (Pink) ................................................................. 65 
Figure 4.6 The block diagram of the active electrode configuration ................................. 68 
Figure 4.7 The circuit analysis of instrument amplifier. ..................................................... 69 
Figure 4.8 The front-end amplifier with limit input-impedance Zi and a high-pass filtering 
............................................................................................................................ 72 
Figure 4.9 The voltage measurement board ........................................................................ 73 
Figure 4.10 The CMRR measurement of the instrumentation amplifier ........................... 75 
Figure 4.11 The CMRR of the front-end amplifier versus frequency ................................ 75 
Figure 4.12 The 16-channel CMRR of the front-end circuit in wide frequency band ...... 76 
Figure 4.13 The function block diagram of Programmable Gain Amplifier ..................... 78 
Figure 4.14 Designed programmable gain amplifier with two-stage amplifier structure .. 79 
Figure 4.15 PGA gains control timing ................................................................................ 81 
Figure 4.16 One stage PGA phase-shift (blue: gain=l; yellow: gain=5; red: gain=10; 
black: gain=15) .................................................................................................. 82 
Figure 4.17 Signal-to-Noise ratio measured on a fixed receiving pair with 16 pairs driving 
scanning (Red: SNR without PGA, Blue: SNR with PGA) ............................ 83 
Figure 4.18 The electrode pairs configuration .................................................................... 84 
Figure 5.1 Coherent demodulation block diagram ............................................................. 87 
Figure 5.2 Coherent demodulation block with integrator replacing low-pass filter .......... 90 
Figure 5.3 The internal function blocks of a differential input analogue multiplier AD835 
........................................................................................................................... 96 
Figure 5.4 The analogue integrator ..................................................................................... 97 
Figure 5.5 Illustration of the demodulation block .............................................................. 99 
Figure 5.6 Signal demodulation operation and control timing ......................................... 101 
Figure 5.7 The modulation board ...................................................................................... 102 
Figure 6.1 Illustration of serial Structure EIT System ....................................................... 108 
Figure 6.2 The measurement model ofEIT system .......................................................... 110 
- X-
Figure 6.3 The simplified equivalent electric circuit model of the multiplexer. .............. III 
Figure 6.4 The output impedance of a current source degraded by the stray capacitance of 
a multiplexer .................................................................................................... 113 
Figure 6.5 The multiplexer performance: current versus frequency (loading is changed 
from 2000 0 to 20000 * by a step of 2000) ..................... '" ........................ 113 
Figure 6.6 The simulation circuit of the connection of the multiplexer for PSPICE ....... 114 
Figure 6.7 PSPICE model of the coaxial cable ................................................................. 115 
Figure 6.8 The simulation result of coaxial cable (loading is changed from 2000 0 to 
20000 * by a step of 2000) ............................................................................ 115 
Figure 6.9 The coaxial cable with shield driver amplifier for PSPICE ............................ 116 
Figure 6.10 The simulation result of the coaxial cable with shield driver amplifier 
(loading is changed from 2000 0 to 20000 * by a step of 2000) ............... 117 
Figure 6.11 The simulation circuitry with the multiplexer and the coaxial cable ........... 118 
Figure 6.12 The performance of the multiplexer and the coaxial cable path (loading is 
changed from 2000 0 to 20000 * by a step of 2000) ................................. 118 
Figure 6.13 The neighbouring measurement method ....................................................... 121 
Figure 6.l4 The cross measurement method .................................................................... 122 
Figure 6.l5 Opposite measurement method ..................................................................... 122 
Figure 6.16 The boundary voltage measurement is satisfied superposition principle ..... 123 
Figure 6.17 16 differential current channels and 16 differential voltage measurement 
channels in the MK2 system ........................................................................... 125 
Figure 6.18 The whole system control timing and measurement sequence generated by 
digital control circuit ....................................................................................... 127 
Figure 6.l9 MK2 system data collection timing ............................................................... 128 
Figure 6.20 Electrical isolation in the EIT system design ................................................ 131 
Figure 7.1 Possible metal electrode model in electrolytic solution .................................. 134 
Figure 7.2 Resistance R and capacitive reactance X of the interface impedance for 
stainless steel electrodes with a cross-section 0.785cm2 [55] ................... 135 
Figure 7.3 Contact impedance Zp=Zmeas/2 for stainless steel electrodes (l). and sanded 
stainless steel electrodes (2) of cross-section O. 785cm2 for a current density of 
0.35mA/cm2 ............................................... ...................................................... 136 
Fioure 7.4 The saline tank ................................................................................................. 1 ~8 c 
- XI -
Figure 7.5 The electronic phantom .................................................................................... 139 
Figure 7.6 Electronics phantom with 32 electrodes connection for EIT system calibration 
......................................................................................................................... 1-+0 
Figure 8.1 The block diagram of the MK2 data acquisition system ................................ 1-+3 
Figure 8.2 The De Montfort MK2 electrical impedance imaging system ....................... 1-+5 
Figure 8.3 The executive flowchart of the system software functions ............................. 1-+6 
Figure 8.4 The data set collected from the electric phantom test (16 driving channels by 
16 measurement channels) .............................................................................. 149 
Figure 8.5 The Signal-to-Noise ratios on the electronics phantom .................................. 149 
Figure 8.6 The measured data noise level on the electronics phantom ............................ 150 
Figure 8.7 The collected data set on saline tank ............................................................... 151 
Figure 8.8 The noise level of collected saline tank data set ............................................. 152 
Figure 8.9 The collected saline tank data set (blue colour) and simulated data set from FE 
model (green colour) ....................................................................................... 153 
Figure 8.10 The dynamic images of a lung in the respiration reconstructed by the De 
Montfort MK2 EIT system ............................................................................. 154 
Figure 8.11 Measured signals (blue curve is Sin1, green is SinX and red is simulated data . 
......................................................................................................................... 155 
-XlI-
LIST OF TABLES 
Table 1.1 Typical performance characteristics of the Sheffield data collection systems .. 20 
Table 3.l The expected output impedance of Howland current source with an ideal op-
amp .................................................................................................................... 38 
Table 3.2 The frequency response of a non-ideal op-amp (from OPA620 datasheet, Burr-
Brown) ............................................................................................................... 44 
Table 3.3 The resistor value settings in the Howland circuit simulation with different gain 
........................................................................................................................... 46 
Table 3.4 The equivalent output impedance of the Howland circuit with different gain 
settings versus frequency .................................................................................. 48 
Table 3.5 Resistor R3 value adjusted according to the limited open-loop gain at high 
frequency in the Howland circuit simulation ................................................... 48 
Table 3.6 The improved equivalent output impedance of the Howland circuit with the 
consideration of the limited open-loop gain ..................................................... 49 
Table 4.1 CMRR of Instrumentation Amplifier with different tolerance resistors ............ 71 
Table 4.2 PGA gain control setting table ............................................................................ 80 
Table 5.1 Time constant and system measurement accuracy ............................................. 89 
Table 5.2 AD835 main parameters (Analog Devices, Inc) ................................................ 96 
Table 5.3 AD8610 main parameters (from Analog Devices, Inc) ..................................... 99 
Table 6.1 Key parameters of main commercial multiplexers ........................................... 112 
Table 6.2 The non-attenuation frequency bandwidth (1 % accuracy) of device in the signal 
transmission path ............................................................................................. 119 
Table 8.1 De Montfort MK2 EIT system main parameters .............................................. 145 
- XIII -
Introduction 
Introduction 
This thesis is a part of research project of the EIT !ElM group of De Montfort 
University. The main research interest is applying EIT technology into early stage breast 
cancer diagnosis. 
1. Breast cancer 
Each year more than 41,700 women in the UK are diagnosed with breast cancer, 
and it causes more than 12,400 deaths. Worldwide, more than a million women are 
diagnosed with breast cancer every year, accounting for a tenth of all new cancers and 
23 % of all female cancer cases [1]. 
The breast is a gland designed to make milk. The lobules in the breast make the 
milk, which then drains through the ducts to the nipple. Like all parts of the human body, 
the cells in the breasts usually grow and then rest in cycles. The periods of growth and 
rest in each cell are controlled by genes in the cell's nucleus. When the genes are in 
normal working order, they keep cell growth under control. However, when the genes 
develop an abnormality, they sometimes lose their ability to control the cycle of cell 
growth and rest. This uncontrolled growth of breast cells is breast cancer [2]. 
Early diagnosis of breast cancer is vital to save patient life. At this stage, the 
uncontrolled growth of cells hasn't started to break through normal tissue, which means it 
is not life-threatening. Finding breast cancers early has also meant that many more 
women being treated for breast cancer are able to keep their breasts. When caught early. 
localized cancers can be removed without resorting to breast removal. 
2. Medical imaging technologies 
Mammograms are probably the most popular diagnosis method of breast cancer 
disease. It is a photograph system showing the absorption rate of different tissue to 
penetration X-ray. Mammograms in the breast screening can detect breast cancer at a 
very early stage. However. the X-ray is a radiation source even though only a vcry 10\\ 
dose required. so that it has to be controlled and regulated carefully. The mammogram 
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taking need to compress the breast carefully and most women find it uncomfortable and a 
few find it painful. The absorption rates of different breast tissue are the crucial 
parameters to distinguish them and identify the abnormal tissue. The poor sensitivity 
causing false negative or false positive diagnosis is its main technical drawback [3]. 
X-ray scanner can provide a high resolution computed axial tomographic image. 
During the imaging process, the X-ray slice data is generated using an X-ray source that 
rotates around the human body with X-ray detectors positioned on the opposite side of the 
circle from the x-ray source. The collected data set is then sent to a powerful computer to 
reconstruct and display an anatomy image of this scanned slice. Pixels in an image 
obtained by CT scanning are displayed in terms of relative radiodensity. CT is regarded 
as a moderate to high radiation diagnostic technique. 
Magnetic Resonance Imaging (MRI) is a new powerful diagnostic technique, which 
uses magnetic fields, not radiation to create images of human body. When taking the 
image, the patient has to be placed into a strong magnetic field which is created by 
permanent magnet or super conductor coil. The magnetic field aligns the protons of 
hydrogen atoms in the human tissue, which are then exposed to a beam of radio waves. 
This spins the various protons of the body, and they produce a faint signal that is detected 
by the receiver portion of the MRI scanner. And using these collected data, the computer 
then reconstructs the body image. 
Contrast-enhanced MRI has been shown to detect cancer earlier than 
mammography in high-risk women, but it also increases the rate of false-positive tests 
and has not been shown to reduce the breast cancer death rate. In addition, MRI screening 
for breast cancer is at least 10 times more costly than mammography screening [4]. 
Ultrasonic imaging is similar to radar in that pulses are propagated through the body, 
causing reflected waves to occur at various discontinuities throughout the path of the 
beam. In the doses used for imaging, it appears that ultrasound does not have any harmful 
effect on body cells. Ultrasound imaging instruments are cheaper than X-ray CT or MRI 
scanners and are able to image soft tissues which cannot be seen on plain X-ray. For these 
reasons it is replacing X-rays as an imaging modality in many areas, especially in 
obstetrics. 
Ultrasound imaging is sensitive to certain state of breast cancer. These techniques' 
value to breast cancer diagnosis is still unproven and need more evaluation [5]. 
Introduction 
2. EIT/EIM 
Differences III electrical impedance properties between normallbenign and 
malignant tissue were identified in the 1920's [6]. Malignant tissue differs from normal 
breast tissue in electrical properties because of differences in water and electrolyte 
content, changes in membrane permeability, orientation and packing density of cells [7]. 
The potential for these electrical differences to be used in cancer detection was widely 
recognized and investigated in vitro and in vivo [8]. 
Application of EIT in breast cancer detection IS called electrical impedance 
mammography (ElM). Electrical impedance measurement reflects the physical changes 
of breast tissues in terms of capacitance and resistance on special electrical frequency, so 
that any early physiological change or pathology change of cells will be found. ElM is a 
non-invasive, no radiation technique, which is more suitable for routine breast cancer 
screening. The electrical impedance scanning (EIS) system has been developed and 
preliminary results of a clinical trial showed promise for early detection of breast cancer 
and identification of young women at increased risk of having the disease at time of 
screening [9]. 
The resolution of ElM image is limited by the number of applied electrodes and the 
signal to noise level of measurement [10]. Cherepenin et al (2001) [11] and other groups 
including 3D Image Group of De Montfort university has worked on 3-dimentional ElM 
system implementation [12]. 
De Montfort group has developed first generation electrical impedance 
measurement system MKI for breast tissue electrical property research. This thesis is part 
of current project aiming to develop MK2 electrical impedance tomography system, 
which can also be used as ElM research and development platform. The detail research 
activities of this group will be introduced in Chapter 2 of the thesis. 
3 The outline of the thesis 
The thesis includes author's research work on the EIT system stnlcture. Chapter 1 
introduces the basic concepts about the bio-impedance, the measurement methods, the 
application on the electrical impedance tomography and the development of EIT 
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hardware system and reconstruction algorithm. The primary EIT research work at the 3 D 
Imaging Group in De Montfort University is given in Chapter 2, which is the starting 
point of this research work. Chapter 3, 4 and 5 present the detailed electric circuit analysis. 
simulation and physical electronics implementation on constant current source, front-end 
amplifier and programmable gain amplifier, and signal demodulation. These three 
function blocks are the foundation of the EIT hardware system design. The factors 
affecting on the measurement bandwidth, accuracy and data acquisition strategy for 
image reconstruction are discussed in Chapter 6. As always research issue, the electrode 
material and test tool implementation, such as saline tank and electronic phantom, is 
described in Chapter 7. As a main output of the thesis, the MK2 EIT system's 
performance is presented in Chapter 8.The conclusion and future work is given in 
Chapter 9. 
4 
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Chapter 1 Review 
1.1 Electrical impedance of biological tissue 
All biological tissues are made of cells which are membrane-bounded compm1ments 
filled with a concentrated solution of chemicals and salts. Groups of cell s perform 
specialized functions and are linked by an intricate cOllliTIunications system. The ce ll 
membrane maintains an ion concentration gradient between the intracellular and extra 
cellular spaces. 
Due to the different compositions of biological tissues some can be treated as 
conductors (e.g. blood, muscle , intracellular and extra cellular fluid etc) and some are 
insulators (e.g. fat , bone etc) . In the case of conductors , the resistivity or its inverse, 
conductivity is used to represent the tissue ' s electrical characteristic, while in the case of 
insulators, the permittivity or dielectric constant, is used. The electrical prope11ies of 
biological tissues, especially in vivo , are still a valid subject of research. 
As a conductor, when a voltage E is applied across a biological tissue, a current 1 
will tend to traverse the tissue, the electrical impedance ZB that is mathematically 
described by the complex relation between the voltage and current, is shown in Figure 1.1 
---71 
Biological 
tissue 
Figure 1.1 Biological tissue impedance measurement 
E is applied vo ltage , I is measured current, then the biological impedanc is the rati o 
of vo ltage to current [1 3]. Thi s impedance vari es with time, the geom trical hape o f th 
ti ssu , temperature, its biochemi stry and others, li ke phys iolog ical and patholog ica l 
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changes. In addition, impedance is sensitive to the frequency of applied vo ltage. so it is 
also a function of frequency. Mathematically the impedance is a complex number 
ZB=R+jX 
A basic equivalent electric circuit describing any biological impedance ZB is sho'vvn 
in Figure 1.2. It is seen that, as frequency increases, the parallel resistance, R.H, loses 
significance to the point where only the purely resistive path Ra is left . At lower 
frequencies, the element CM may be neglected, and once more , the circuit behaves in a 
purely resistive manner with the value (Ra+RM). The behaviour of tissue impedance can 
be illustrated as a function of frequency , or Cole-Cole plot [14]. 
Figure 1.2 The basic 3-element equivalent electric circuit of biological impedance ZB 
In this presentation, the real component R is plotted versus the imaginary 
component X in the complex plane with the frequency as the variable parameter. The 
three-element equivalent circuit shown in Figure 1.2 above can be described by the 
expressIOn 
Eq 1.1 
where (j) is the applied frequency and r = RM . CM is the time constant. The real paI1 Re 
and the imaginary PaI11m of ZB are described by the follow relationship: 
( R - R - RM J2 + 12 = (&J2 e n 2 III 2 Eq1. 2 
it describes a ci rcle equation with central point at ( R + RJ\! . 0) and radius of R If 
n 2 2 
There fore , the Co le-Cole plot of equivalent circuit is a half circle. as sho\ n in Figure 1.3. 
This result is derived from the three-element model and obviou Iy. with a complicated 
6 
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circuit model of biological tissue impedance, the central point of circle is not necessary 
on the real axis, but is located beneath it. 
o Real 
Figure 1.3 The Cole-Cole plot of three-component equivalent circuit of biological tissue 
The capacitive behaviour of biological tissue is due to the contribution made by the 
cell membrane which has a complex structure and dielectric properties [15]. At high 
frequencies , the electric current traverses easily through the cell membrane, while at low 
frequencies , the membrane presents a high impedance pathway and most of the current 
flow through the electrolytic solution. 
1.2 Electrical impedance measurement 
Many methods are used for electrical impedance measurement, from which the 
modulus and phase information of biological tissue are obtained to be physiologically or 
clinically interpreted . In the past, the modulus, because it is easier to obtain, has been 
popularly used in impedance image reconstruction. 
The first circuit used in the biological impedance measurement is classical resistive 
Wheatstone bridge, which is widely applied in the research laboratories . In thi s method , 
the biological tissue forms one of its four branches, operating over a wide frequency 
range from dc to hundreds MHz. This measurement method can give high accuracy and 
precision, but relatively s~ow measurement speed due to the need to balance the bridge . 
espec ially at high driving frequency . Therefore, this method is unsuitable for the 
monitoring purposes. 
In physiological practice, the simplest method to measure biological impedance i 
through the measurement of vo ltage and cunent. Two bas ic configurati ons are empl oy d: 
7 
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the two-electrode method and four-electrode method. Here the electrodes are used to 
apply current or sense voltage. 
The two-electrode measurement method uses two electrodes to apply current to the 
tissue being measured and sense the vo ltage presented, as shown in Figure l.4a. The 
current generated from voltage source (V) is inj ected into the measured tissue (Z8) from 
the electrodes A and B, with a serial connected resistor R. The voltage value Va can also 
be read on these two electrodes A and B. The measured information Zs, therefore, can be 
calculated from these known electric values as : 
R 
R A 
ZCA 
ZB Va V ZB Va 
B ZCB 
a b 
Figure 1.4 Two-electrode impedance measurement 
a) The illustration of measurement ci rcuit. b) The illustration of equivalent circuit of 
measurement with electrode contract impedance Z CA and Z CB 
V ·R Z = --=.0 _ _ 
8 V - V 
o 
Eq1.3 
Because the read voltage is not proportional to the impedance to be measured , in practice, 
the serial connected resistor R is adopted with very large value, or it can be seen using 
CUlTent source I to replace the voltage source. Therefore, the read voltage is linearl y 
related to the measured biological impedance, as 
Eq 1.4 
If the applied voltage or cunent is an AC signa l with frequency unde r study. th read 
vo ltaae V is modulated with this canier. The measured biological impedance mu t b 
b a 
recovered from read vo ltage after demodu lation process. 
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Two-electrode measurement uses the same electrode pair to apply current and sen e 
voltage. When it is applied to biological impedance measurement, the contact between 
the electrode and electrolyte will introduce polarization impedance to the total measured 
impedance as shown in Figure lAb. The effect of polarization impedance is also reflected 
in the voltage reading, and the voltage must be calibrated. In addition, as the current is 
injected into the tissue, the current field around the electrodes is normally not distributed 
homogenously. It is dependent on the electrode shape, contact area and tissue ' s structure. 
R 
A 
v 
D 
B 
a b 
Figure 1.5 The four-electrode impedance measurement 
a) The illustration of the measurement circuit. b) The illustration of the measurement equivalent 
circuit with electrode contact impedance ZCA, ZCB Zcc , and ZCD 
Separating the current injecting electrodes and voltage sensing electrodes, results in 
four-electrode measurement method [13]. As Figure 1.5 shows, the constant CUlTent is 
injected into the biological tissue to be measured on the electrode pair (A and B) , and the 
voltage is read on the electrode pair (C and D). It can be seen that the injected current is 
independent of the electrode/electrolyte interface impedance, and thi s condition is best 
satisfied when the current source output-impedance is large when compared to the sum of 
the interface and tissue impedance. In addition, if the CUlTent electrodes are located 
further away from the voltage electrodes, the two latter detect a signal in a region with 
uniform distribution of CUlTent lines, thus favouring an outputli nput linear relation hip. 1 n 
practice, real CUlTent field di stribution in the ti ssue to be mea urement is limited by bo th 
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anatomical shape and physiological conditions. The voltage electrodes still experience the 
polarization impedance problem but this can be minimized by using high input-
impedance measurement amplifier. The shape, material and contact area of electrodes are 
still a subject under investigation in biological impedance measurement. 
In EIT research work, the biological impedance measurement is carried out over a 
wide frequency bandwidth and the result constitutes impedance spectrometry in the 
frequency domain. Some research [16] uses the impedance analyzer, which is based on 
the four-electrode measurement method. In practice, the instrument is often connected to 
the impedance cell by means of leads, whose stray capacitance is liable to introduce 
measurement errors [17, 18]. 
Alternatively, biological impedance spectrometry can be performed in the time 
domain. Here a Step-response method is applied to measure the relative permittivity of 
insulating materials over a wide frequency range (O.1Hz to 1MHz) [19]. This method 
simultaneously applies two voltage steps of equal amplitude but opposite polarity to the 
impedance to be measured, and uses the Fourier transform to obtain the complex relative 
permittivity in the frequency domain. 
There is still an argument here about the influence of skin effect due to the high 
frequency current passing through the biological tissue, when the spectrum scanning is 
used [20]. Skin effect is obvious as high frequency current passing through good 
conduction material. However, some biological tissues like blood and muscle are good 
electric conductors, and the others like skin and fat are not good conductors. This 
situation makes it difficult to distinguish the skin effect on the mixed tissue impedance 
measurement. 
1.3 Impedance frequency characteristics of biological tissues 
Knowledge of biological tissue impedance is very important to determining tissue 
type using measured electric data. If the impedance distribution in a body part can be 
reckoned by the outside impedance measurements, the pixel obtained in the 2-D plane or 
3-D space will represent the local tissue impedance situation, then with which an 
impedance image is achieved. The impedance characteristic of biological tissue can also 
provide useful information to identify the normal or abnormal type of tissue in the 
diagnosis using the impedance method. 
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Figure 1.6 shows the complex impedance spectrum of ti ssues calculated fro m the 
mean values of data measured on all samples of each type of tissues [21 ]. It can be seen 
that some tissues such as transversal muscle and lung tissue can be identified over the low 
frequency band A (100Hz - 10KHz), using impedance modulus measurement. Howe er. 
the modulus impedance of longitudinal muscle and lung tissue do not have significantly 
different impedance in this frequency range, even though a significant difference can be 
found over the higher frequency range B (10 KHz - 1 MHz). This different impedance 
characteristic is also reflected on the phase angle chart. 
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Figure 1.6 The complex impedance spectrum of tissues [9] 
It has been shown that it is possible to characterize tissue in vitro and to identi fy 
them in frequency range that depends on the ti ssue type. A posterior identification of 
tissue anisotropy is also possible from the measurement of electrical impedance spectrum 
[22]. The investigation of tissues impedance performance in the frequency domain ha 
established the feasibility of impedance imaging system development, espec iall y when 
employs wider freq uency range measurements of impedance di stributi on. However. the 
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systematic measurement errors are significant in the imaginary component at frequencies 
above 100 KHz, compared to the measurements made on the real component of 
impedance [23]. It must be mentioned here, that a distinction should be made between in 
vitro and in vivo application, because the electrical properties of living tissues and excised 
tissues of the same type differ and also because in vivo measurements are subjected to 
experimental constraints that are particularly difficult to solve [24]. 
Obviously, the characterization of cancerous tissue is an important field of electrical 
bio-impedance spectrometry. It is well known that cancerous and normal tissues differ 
morphologically, and it can be assumed that these differences induce changes in the 
electrical properties. Since breast cancer is the most frequent form of cancer in women, it 
arouses great interest in terms of the levels of screening and therapy. The current imaging 
technique proposed for diagnosis, as x-ray mammography is not sensitive to some kinds 
of tissues and it is difficult to distinguish the regions of interest. Therefore, using the 
electrical impedance method it is hoped to identify the difference between cancerous and 
normal tissues based on the permittivity and conductivity properties. 
1.4 EIT reconstruction 
Electrical impedance tomography IS a technique that produces images of the 
impedance distribution in a slice through a body by means of non-invasive electrical 
measurements and a reconstruction algorithm. Since different tissues have different 
impedances, it is possible to characterize tissues from the images and to detect 
physiological events. 
1.4.1 The principle of image reconstruction 
When the current is injected into the imaged object, the current distributes in the 
whole area and forms a current field that can be described by the Maxwell equation in 
Eq1.5: 
v . ( C . V V) = 0 in n Eql.5 
where C is the conductivity distribution in domain n and V is the potential. \Vith 
boundary conditions, the conductivity of internal object can be calculated and displayed 
as an impedance or conductivity image of the slice of the object. 
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Given the voltage and the current density distributions on the boundary or internally. 
solving for the conductivity distribution, is termed inverse problem. EIT image 
reconstruction algorithms are the process for solving the inverse problem. However. 
because the inverse problem is a nonlinear problem that is ill posed, very often, the 
solution of the inverse problem involves transforming the nonlinear equation to linear 
equation, and then obtaining a solution by an iterative process based on the numerical 
techniques. The process for setting up a linear mathematical model of the imaged object 
is called as forward problem, and the model is often realized using finite-element method 
(FEM). FEM can model very complicated material structures of special physical 
characteristics with support of digital computing technology. 
Electrical impedance tomography uses given boundary current density and 
boundary voltage distribution to reckon the internal conductivity or current or voltage 
distribution inside the imaged object. The image reconstruction algorithms are mainly 
divided into two categories: the non-iterative method, represented by the back-projection 
method, and the iterative method, represented by the Newton-Raphson method. 
1.4.2 Back-projection image reconstruction algorithm 
The back-projection reconstruction algorithm in EIT is transplanted from the 
method used for imaging in x-ray computer-aided tomography. It was proposed by 
Barber and Brown of Sheffield University (UK) [25]. This method is based on the 
assumption that conductivity does not differ very much from a constant, and the inverse 
problem is simplified as a linear description. 
Sensitivity matrix 
If Q is the domain to be imaged and [' is the surface of 0, as shown in Figure 1.7. 
the electrode pair (AI, A2) is noted as A, and the electrode pair (BJ, B2) is noted as B, then 
letting V A be the potential distribution when a unit current is injected into the electrode 
pair A, the whole domain satisfies the Maxwell equation as shown in Eq 1.5. Therefore, at 
the electrode pair A on the surface of the domain, the potential responses to the injected 
unit current on the local conductivity: 
1" J 
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r 
A B 
Q 
Figure 1.7 The domain to be imaged with two pairs of electrodes A and B on the boundary 
av C - -A = ±1 
an 
and outside the domain, the potential and conductivity have no relationship that is: 
C aVA = 0 
an 
At electrode pair B , the potential also sati sfies these equations. 
Eql. 6 
Eql.7 
By using the Gauss formula, the sensitivity relationship, V A B potential difference on 
e lectrode pair B when a unit current is injected into the electrode pair A, can be 
represented as 
VAS = VA(B\) - VA(B2 ) = fC'lVA . \lVsdO 
(2 
Eq 1.8 
Considering the general conductivity distribution and associated vo ltage measurement in 
terms of uniform and perturbed conductivity distributions, such that 
C = C+8C 
VA = VA + 8VA 
Vs = Vs + 8Vs 
Then, the equation Eq 1.8 can be rewritten as: 
VAS = fcC + 8C) · 'l(VA + 8VJ· 'l(Vs + 8Vs )· dO 
(2 
Eql .9 
Eq 1.10 
Eq 1.11 
Eq 1.12 
This equation shows a nonlinear relationship between changes of conducti vity and 
changes of potenti als in the domain . If it is ass umed that the gradient of change o r 
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voltage is much smaller than the gradient of voltage in the domain. then equation Eq 1.1_ 
can be simplified to a linear equation: 
8VAB = f8 C. VVA . VVB . dO. 
n 
Eq 1.1 3 
which is known as the literalized sensitivity relationship [26]. If the domain 0. is split into 
a number of discrete elements of uniform conductivity , then equation Eq 1.13 can be 
represented as a set of linear equations. In matrix form, this can be written as 
8V = S ·8C Eq1.14 
where S is called sensitivity matrix. In order to determine 8e, it is therefore necessary to 
solve this linear system. 
Back projection 
a b 
Figure 1.8 The principle of the back projection along equipotential line algorithm 
(a) Back projection of this normalized variation in the zone defined by the equ ipotentia l 
(b) Superposition of two back projections to form the reconstruction image 
If the measurement is performed for all the independent inj ections on the uniform 
conductivity distribution, C = C II ' the equation Eq 1.8 becomes: 
v = C . fV V . V . dO. AB II A B 
q 1.15 
n 
By normali zing the sensitivity relation Eq 1.14 with respect to thi s equation. the Eq 1 . I -
can be written as: 
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Eq 1. 16 
8V 8C S 
where 8 V'I = AB , 8C = - and S = ---::------
VAB C" 1/ fV VA • V VB • dO . 
12 • 
If the two injection electrodes are sufficiently close, they can be assimilated to a 
dipole and it is possible to detennine the equal potential lines in Q for all the independent 
injections for the unifonn conductivity Cu, as shown in Figure l.8a. When the 
conductivity passes from Cu to Cu + bC, the variation of the potential difference between 
two measuring electrodes is due only to the variation of K in the zone comprised 
between the two equal potential lines passing through the two measuring electrodes . 
Therefore, this variation in the potential difference can be back projected in the 
corresponding zone, and the reconstructed image is obtained by superposing the results of 
back projection for all the independent injections, as illustrated in Figure 1.8b. In thi s 
algorithm, the matrix S is constructed in which the row corresponds to one pixel in the 
image, and each column to a region between two equal potential lines that can prov ide a 
voltage measurement, as Figure 1.9 shown [27]. 
.... . ..... 
"; Measure j 1 
Pi,et~> ~- ' 
1/ 
1/ 
i - ---------- 0 --------------------
Matrix S 
Figure 1,9 The definition of sensitivity matrix S 
The back projection algorithm is popular in EIT image system implementati on due 
to the insensiti vity to system noise in the measurement. Research has been carri ed out 
usino filterin o methods to solve the di stortion and blur problems [28.29]. The b b 
reconstructed image shows the relative change of conductivity compar ing the uni formed 
background ell, which is not easy available in most occasions. With the deve lopment o r 
e l etri ca l impedance spectrum imaging techl1ologie . the idea i to usc di lTerent 
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frequency measurements on the same object to be imaged for EIT image reconstruction. 
This can eliminate the relay on the uniformed background measurements, 'With 
availability of wide bandwidth image frequency measurements [30]. 
1.4.3 Newton-Raphson algorithm 
This algorithm is a numerical approach that iteratively solves the forward problem. 
The obtained reconstructed image is a static image, which normally involves both longer 
running time and greater computing complexity. 
1.4.3.1 Finite-element modeling for forward problem solving 
The imaged object resistivity or conductivity distribution is modelled using finite-
element mesh, which is also a basis for transforming the partial differential equation 
electric field into a linear algebra description. The elements of the two-dimensional 
problem can be triangular or quadrilateral in shape. Triangular elements are the simplest 
of the available two-dimensional forms and can be directly used to model both structural 
and diffusion problems. The simplicity of the triangular element generally demands that a 
large number be used to accurately approximate a solution; this is particularly true when 
using the linear basis triangular element. 
The finite-element mesh is set up by discretization of a solution domain, which is 
usually achieved by first subdividing it into one or more relatively large regions called 
macro domains. Then, each macro domain is subdivided into triangular elements to form 
a finite-element mesh. A quadrilateral element always contains two triangular elements, 
as obtained by connecting the nodes from diagonally opposite comers of each quad. The 
general rule is that triangular elements, which approximate an equilateral shape, are 
preferred over those that are long and narrow. Figure 1.10 below shows a circular shape 
2-dimensional domain finite-element mesh with uniform conductivity distribution and the 
voltage distribution calculated when an electric current is injected as a boundary 
condition. 
Finite-element methods can be applied to complicated domain contours. Accuracy 
is dependent on the number of elements and order of the base function used. Increasing 
nun1ber and order are accompanied by massive increase in computing \\"ork. The tinitc-
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element method is also suitable for modelling objects by 3-dimensional meshes . \yhich 
obviously would lead to more accurate simulations of the real current fie ld di stributi on in 
real internal human bodies due to the actual 3-dimensional distribution. 
4 r---------~~~-----------
2 
o 
-2 
-4 ~--------~~~~~--------~ 
-5 o 5 
1 0 
-5 -5 
Figure 1.10 2-dimension finite element model 
Applying the fini te-element basic function , the partial di ffe rential equation problem 
is transformed into a li near problem, and the voltage distributi on on the nodes of me h 
can be solved. From different resisti vity or conducti vity setting on the finite-element 
mode l, the boundary voltage di stributi on on the obj ect to be imaged can be ca lcul ated out 
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as measurement reference. It is called forward problem solying on the electrical 
impedance tomography reconstruction. 
1.4.3.2 Newton-Raphson algorithm implementation 
As mentioned earlier, the forward problem gives the estimated value of the voltage 
that can be measured on the surface electrode. The difference between the estimated 
value and real measured value of surface voltage reflects that the conductivity setting is 
not matched with the real internal conductivity distribution. The Newton-Raphson 
algorithm is iteratively modifies the finite-element conductivity distribution to compare 
the calculated voltage with the measured voltage until their error is within an acceptable 
value. Then, the final modified conductivity distribution matrix is displayed as the wanted 
EIT reconstructed image. 
This method is modified by Y orkey [31], who suggested that the Marquardt 
regularization method should be used to improve the matrix's conditioning. It is claimed 
that this makes computation more stable and ensures better convergence. 
Compared to the back projection method, the Newton-Raphson method gives an 
absolute value of the internal conductivity distribution. This method has strict demand on 
the quality of measured boundary voltage data. 
1.5 EIT hardware system 
To achieve a high quality electrical impedance tomography, the data acquisition 
system is an essential device to image reconstruction. The first generation of EIT systems 
is represented by the Sheffield MK 1, which is designed with 16 electrodes and applied 
current at a single frequency, usually below 100 kHz [32]. The MK2 led to a real time 
data acquisition system with 25 frames per second measurement speed subsequently [33]. 
The MK3a and MK3b were the multi-frequency, Electrical Impedance Tomography 
Spectroscopy (EITS) systems [34]. In Table 1.1 a brief summary of the main performance 
characteristics for these devices is given [35]. 
The major limit to the application of EIT is poor spatial resolution, which is related 
to the number of independent data available on the boundary of the object for image 
reconstruction. This problem directly indicates that more electrodes should be used [36]. 
However. it is not a simple case of increasing the number of electrodes to o\'crcome this 
problem. Comparing the surface of the object being imaged, the large number of 
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electrodes, the complexity of electrode itself and difficulties of processing of massive 
data are interrelated and pose a complex problem. Because of this reason, most EIT data 
acquisition system today still use 8/16 electrodes configuration. 
Table 1.1 Typical performance characteristics of the Sheffield data collection systems 
MKI MK2 MK3a Mk3b 
Operating frequency (kHz) 50 20 9.6-1220 9.6-1220 
Applied current (rnA) 5 5 0.25-2 0.25-2 
Frame rate (S-I) 10/24 25 33.4(66.8) 16.7 
Reconstruction time(s) 1-5 0.04 0.1 0.2 
Electrode configuration 16 adjacent 16 adjacent 16 interleaved 64 interleaved 
Independent measurements 104 104 49 784(30) 
Signal to noise ratio (dB) 51 68 61 43 
@9.6kHz @9.6kHz 
1.5.1 EIT data acquisition system structure 
The first generation EIT hardware system was achieved in serial structure, using a 
single current source and voltage measurement circuit for each four-electrode 
combination measurement in tum using a digitally controlled multiplexer [37,38]. For 
some real time imaging purposes, a serial structure system cannot provide enough data 
acquisition speed for 25 frames per second display. Therefore, some systems began using 
a parallel system, which use a separated current sources and voltage measurement circuits 
to each configured data acquisition electrode combinations [39]. Due to the expense of 
the electronic devices and the size of the circuits patched into a very limited space, a 
parallel structure system cannot be achieved on high-density electrodes arrangements. 
Therefore, in practice a semi parallel system is normally built to satisfy the imaging speed 
requirements [40]. 
Both serial and parallel structure systems have to use the cable or multiplexer for 
current or voltage signal transmission. The stray capacitance of these devices \\·ill 
perfOlID a low-pass filtering to the signal passing through. Therefore. the data system is 
diHicult to operate over 1 MHz and simultaneously satisfy the demand on measurement 
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accuracy. This represents a bottleneck of development of multi-frequency EIT systems in 
the radio frequency band. 
As mentioned earlier, the current field in the imaged object is distributed in 3-
dimensional space. Therefore, an improvement of the reconstructed image may be 
possible if 3-D image reconstruction is achieved. Obviously, the parallel system is not an 
ideal structure for this purpose design. However, the serial system can offer much more 
channels, but cannot give credit on high frequency data measurement due to the using of 
multiplexer and coaxial cable. In order to improve measurement accuracy and simplify 
the connection between the system and electrodes, it may be necessary to move part of 
the measurement system closer to the electrodes, that is to say, distribute the 
measurement system around the electrodes. This distributed system would need to be 
embedded the front-end circuit (current source and preamplifier) into the body of the 
electrodes [41]. Achievement of this kind of active electrodes is dependant on the 
development of integrated circuit processing. 
1.5.2 Constant current source 
In most of EIT data acquisition systems, the current is injected at a given moment 
by means of two electrodes only, and during the data acquisition time, the amplitude is 
maintained constant. However, some systems use a current injection strategy known as 
the "optimal current strategy" [42, 43]. This method consists of applying several currents 
with different amplitudes, through several electrodes and simultaneously measuring the 
voltages on all the electrodes. This "optimal" current makes it possible to maximize the 
distinguish ability between two distributions of different conductivities. 
Whatever the current driving strategy used for data acquisition, a voltage controlled 
current source is the basic building block for EIT hardware system design. The first 
system used the isolated negative-feedback current source [33], as Figure 1.11 shows. 
The main limitation stems from the properties of the transformer resulting in stray 
capacitance and limited transinductivity. Although it is still used in single frequency 
systems, many other types of current source have been made to achieve multi-frequency 
measurements. 
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Figure 1.11 The isolated negative-feedback current source used in early EIT system 
Most of the voltage controlled current sources (VCCS) used in EIT systems are 
based on the Howland circuit. The basic structure of the Howland current source is shown 
in Figure 1. 12. In theory, if the two feedbacks are identical, the output impedance will be 
infinite. In practice, mismatches in the resistors making up the feedback loops, the 
presence of stray capacitances and the frequency limits of the operational amplifier result 
in the output impedance being limited. Franco [44] demonstrated that with 0.1 % resistors, 
if resistance mismatched correspond to the worst case, the output impedance can be as 
low as 375kQ. This type of current source was applied to EIT at the University of 
Wisconsin [45] in a single frequency system. 
+Vee 
v rv 
I 
+ 
-Vee 
Figure1 .12 Basic circuit structure of Howland current source 
Another type cunent source is the cunent minor circuit. This cunent generator is 
fully described by Bragos et al [46] , in which the AD844 is a cunent feedback ampli fi r 
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and output is defined by the first stage, a transconductance amplifier MAX435 as ShO\\11 
in Figure 1.13 . The output impedance of this current source can reach 100kQ for 
frequency up to 100 kHz. 
+Vee 
AD844 
+Vee 
+ 
A B 
-Vee 
+Vee 
-Vee 
+ 
c 
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Figure 1.13 Integrated current-feedback amplifier (CFA) used as voltage controlled current 
source 
For wide band EIT systelTI design, the performance of current source is dominated 
by the bandwidth of electronic device. In addition, it is also affected by the system 
connections with electrodes, such as multiplexer and cable. 
1.5.3 Voltage signal measurement 
In an impedance-imaging system, the key points of the voltage measurement 
system are high input impedance voltage buffer and high common-mode rejection ratio 
(CMRR) amplifier. 
In most of EIT systems, vo ltage buffers are used as a preamplifier stage in the 
di ffe rential path . In early single-frequency device, the ac-coupled bootstrapped buffe r is 
a structure that is commonly used [47 , 48J , which is shown in Figure 1.1 4. The AC 
coupling by capacitance C2 is required to avo id saturation of the measurement channel 
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by the electrode-skin interface polarization voltage and to prevent the operational 
amplifier' s bias current from circulating in the measurement electrodes. It is also 
required to avoid the accidental circulation of any DC current from the measurement 
system, and the transient electrode polarization vo ltage that arises after a current has 
been passed through a DC-coupling electrode . At the imaging frequency , the reactance 
of capacitance C 1 can be ignored. It can be shown that by bootstrapping resistance R 1, it 
is possible to obtain an input resistance: 
Eq 1.17 
here Av is the buffer's gain. In practice, as pointed out by Rosell et al [49] , the buffer ' s 
input capacitance limits the circuit's input impedance. According to these authors , the 
input impedance reaches its maximum value: 
Eq l.18 
at the resonance frequency: 
Eq 1.19 
+Vcc 
-------1 f------,-----j + 
-Vcc 
Figure 1.14 The AC-coupled bootstrapped buffer as front-end of voltage measurement circuit 
The typical instrumentation an1plifiers used in impedance imaging have the class ic 
two-stage three op-amps structure, which has been extensive ly analyzed in bi omed ical 
applications by Webster [50]. To obtain a hi gh CMRR in the different ial amplifi er. 
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working with a high differential gain and therefore using broad bandwidth operational 
amplifiers is recommended. This simplest design is to introduce correction RC networks 
that make it possible to adjust the CMRR at low and high frequency (see Figure 1.15). 
by compensating the imbalances in the transfer functions of the two di ffe rential 
branches. Smith [40] has given a solution that consists of dedicating one 
instrumentation amplifier to each electrode pair and connecting 16 monolithic 
instrumentation amplifiers to each electrode pair (16 pairs) by coaxial cables via DC 
blocking capacitors. 
+Vee 
vi+ 
+ 
-Vee 
-1 
+Vee 
+Vec 
+ 
VCM + Vo 
-Vee I -Vec 
-Vee 
V 1- + 
+Vee 
Figure 1.15 The instrumentation amplifier used as differential signal measurement can prov ides 
high common mode rejection ratio 
The group at Oxford Brooks University [51] developed an alternative approach , 
shown in Figure 1.16, based on a diffe rential-input voltage-contro lled current sources 
structure. The front-end of thi s instrumentation ampli fier is simi lar to that of the typi cal 
structure, except for the power supplies . The two input buffers have separate power 
supplies . Current sources are inserted in the supply lines of one buffe r, and its power 
supplies are clamped by Zener diodes so that any supp ly cunent change caused by a 
di fferential-input voltage results in an output cunent , which is measured by the thi rd 
operati onal am pli fi er. The author indicated that a bench prototype exhi bited a CMRR of 
80dB at 10kHz and of 60dB at 100 kHz, measured at un it ga in. 
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Figure 1.16 The differential-input voltage-contrOlled current sources structure front-end amplifier 
used in Oxford Brooks system design 
1.5.4 Voltage signal demodulation 
The frequency range of the bio-impedance variation in a human is considered to 
limit to 50 Hz so that bio-impedance signals are amplitude-modulated signals with a 
carrier frequency equal to the injected current frequency and a bandwidth of 100Hz 
[52]. Since the information of interest is contained in this low frequency bandwidth, 
some form of demodulation that shifts the signal frequency down is required . 
The amplitude demodulation or RMS-to-DC conversion techniques are employed 
into the measurement in low frequency imaging systems for which phase infomlation is 
not of importance because tissues behave almost resistively. Skidmore et al used a 
monolithic true RMS-to-DC converter in a 16-electrode system. Another simil ar 
demodulation is peak detection. It is used by the Catholic Uni versity of Leuven [53] and 
they have developed a high-precision amplitude detection system that include a two 
ha lf-wave rectifier fo ll owed by an integrator. A disadvantage of these techniqu s i that 
the signal frequency noise present at other frequencies is also recti fied and thi can I ad 
to errors [54]. 
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It is well established that phase-sensitive demodulation (PSD) techniques exhibit 
better performances, in terms of error and signal-to-noise ratio, than the preyious 
solutions. Therefore, most of the demodulation techniques used in EIT is PSD. The 
principle of PSD consists of shifting the measured signal down to a low-frequency band 
by multiplying it with a reference signal synchronized with the injected current and by 
filtering the high-frequency harmonics generated by this process. The practical 
implementation determines that two types of phase-sensitive demodulators: coherent 
synchronous demodulators use four-quadrant linear multipliers; phase-sensitive 
synchronous detectors consist of an amplifier whose gain is switched between + 1 and -
1 by the reference signal, and both devices are followed by a low-pass filter. 
Phase-sensitive detectors are popular being used for analogue demodulation. 
perhaps because of the relative simplicity of their structure. However, the major 
drawback of this method is that odd harmonics components of the signal fundamental 
are translated down to the output and lead to errors [55]. Band-pass filtering of the input 
signal prior to demodulation would eliminate this problem, but this it difficult to 
achieve with sufficient accuracy in multi-frequency system. 
The low-pass filter required to extract the DC component and eliminate the high-
frequency components is a crucial part that must be carefully designed in real time EIT 
system. The narrower the filter bandwidth, the better the signal-to-noise ratio is, but the 
settling time will be longer [54]. By using an integrator rather than a filter, the 
measurement time can be cut as short as one period of the driving function, although 
usually a few tenths of periods are used to reduce noise [56]. Since the output signal that 
will be considered for obtaining the real and imaginary parts of the impedance is a DC 
voltage, any offset will introduce errors. These can be compensated for in a calibration 
procedure, but the design of the whole system must ensure that the offset drift is kept 
within acceptable limits. 
Owing to the limits inherent to analogue modulators, description of digital 
demodulators suited to EIT have been published as a new demodulation technique in 
single-frequency system and in multi-frequency systems [42, 33, 57, 58]. Due to using a 
lookup table stored in the DSP memory as the reference signal, the result of 
demodulation has less noise component than its analogue type coherent demodulation. 
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In addition, the demodulation is not DC offset sensitive. Normally, an anti-aliasing filter 
is required prior to input of analogue-to-digital converter. 
1.6 Summary 
Electrical impedance characteristic of biological tissue can provide internal 
information about structure and shape inside the body. Using computer-aid image 
reconstruction technique, the electrical impedance tomography is acquired for medical 
diagnostic purpose. 
The resolution of the reconstructed image is limited by the data set collected on 
the boundary of imaged object, in which the number of independent data relies on the 
number of electrodes. In addition, the current injected into the object is distributed in 3-
dimensional space. Therefore, more electrodes are needed to obtain high-resolution 
image reconstruction. This is the hot point for EIT research and development. 
As the tissue performs more complex impedance property, EIT hardware systems 
need to be designed for wideband electrical impedance measurement or spectrum 
measurement, particularly having frequencies over 1 MHz. This places high demands on 
the constant current source and front-end amplifier designs. 
The performance of EIT data acquisition hardware is related to the electrodes 
connection and signal path to the system. Therefore, the system structure is crucial, and 
is a balance between measurement accuracy and building expense. This thesis 
concentrates on research into the system structure and key function blocks necessary to 
develop a new generation of De Montfort EIT systems that outperform existing designs. 
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Chapter 2 De Montfort MK1 System Review and MK2 
System Development 
2.1 De Montfort MKI system review 
The De Montfort MK1 system is a single channel measurement device designed for 
body tissue bioelectric property test, as pictured in Figure 2. 1. It applied fo ur-electrode 
measurement with two electrodes for current inj ection and the other two electrodes for 
voltage sensing. The current source in MK1 could provide constant current in the 
bandwidth from 1 KHz to 1 MHz. The sine wave for current control is generated from an 
oscillator circuit. In practice, the precision of the signal frequency from this simple 
structure circuit was hard to satisfy the demand of spectrum scanning. In each sample 
measurement, the spectrum character of the tissue has to be fo rmed by stacking all the 
single frequency measurements manually due to the lack of automatic timing control and 
analogue-to-digital conversion. The result of the measurement was read by means of 
digital oscilloscope. 
Figure 2.1 The De Montfort MK1 system 
The MK 1 system was used in the body ti ssue bioelectri cal impedance investi gation. 
It was also used as a deve lopment platform fo r two-dimensional electrica l impedance 
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measurement, especially for electrode leads design and electrode material selecti on. In 
clinical research, the four-electrode electrical impedance measurement device "vas also 
used in the impedance plethysmography for determination of cardiac stroke volume. 
The MK 1 system was based on analogue technology, so its measurement accuracy 
was affected by the harmonic frequency of injected current wave and loss of transmission 
of signal by long cabling. Without digital control timing and analogue-to-digital 
conversion function, the MKI system could not be applied in any continuous impedance 
measurement function. 
2.2 Breast tissue bioelectric property investigation in DMU 
From 1995, the EIT research group in De Montfort University has been involved in 
breast cancer imaging research, especially in breast ti ssue bioelectric property 
investigation in collaboration with Glenfield General Hospital, Leicester, UK. The 
hospital ' s Department of Histopathology provided the pathological findings that allowed 
comparison, and clinical validation, of the readings taken. 
The bioelectric properties of different breast tissues were tested in a specially 
designed chamber, in which the size and position of electrodes is calibrated by usi ng 
saline in controlled conditions. The chamber is pictured in Figure 2.2 . The current 
injection electrodes are made of stainless steel, and are placed at two terminals of cylinder 
chamber, in which one of them has the function of a stopper. The two electrodes 
measuring the difference in potentials are plugged into the chamber fro m the top holes, 
which ensure the same distance of the two measuring electrodes for all impedance 
measurements. The measurements are taken by means of the De Montfort MK 1 system 
and HP 4194 impedance analyzer. 
Figure 2.2 The chamber with the cables used in th e ti ssue bioelectric property research 
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The in vitro study results were collected from more than 60 patients. sing the 
magnitude measurement, fat tissue was found to be significantly distinguished from other 
tissue types. The stroma and malignant tissues show stable impedance performance at 
measurement frequency less than 100 KHz, but there is significant differentiation 
between these two biologically similar tissues, as shown in Figure 2.3 [8]. This result 
reveals the possibility of image reconstruction between two differential frequencies to 
distinguish the normal and abnormal biological tissue. 
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Figure 2.3 Stroma and tumour tissues electrical property at wide 
freq uency bandwidth . 
2.3 De Montfort MK2 system development 
The MK1 system has provided a good platform for further deve lopment of an 
electrical impedance measurement device. Based on the result of clinical study, the new 
MK2 system is planned for taking two-dimensional impedance measurement, which 
means that the system has electrical impedance tomography function with a wide imaging 
frequency bandwidth. The system is to have at least a 16/32 electrodes configuration with 
flexible drivel receive pattern programmable system timing. 
The voltage controlled cunent source is the most important part 111 the four-
electrode impedance measurement circuit design. The sine wave vo ltage generator is to 
use digital synthesis technique, which can provide a good quality single frequency in 
wave with minimum harmonic components, and fl exib le frequency and pha e 
e lection/ settings. T he vo ltage-to-current converter pro ide constant cUITent to inject into 
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the imaged object, so that the output impedance should be large enough for keeping the 
current source accuracy. 
The voltage signal is picked up by the front-end amplifier on the receiving electrode 
pairs. As the measured object is equivalent to a signal source with high output impedance, 
the front-end amplifier is a challenge with respect of the input impedance and common-
mode rejection circuit parameters. Due to the complex mode of bio-impedance of tissue, 
the measurement should have the ability to produce the magnitude and phase information 
of each measurement, or real part and imaginary part of each measurement. The dynamic 
range of measurement for two-dimensional electrical impedance tomography varies from 
the driving and receiving electrode positions. Increasing the signal-to-noise ratio is 
essential for high accuracy measurement to be achieved, and a programmable gam 
amplifier is the better choice to match the measurement dynamic range. 
The data acquisition speed for imaging reconstruction is crucial for the 
physiological activity monitoring. However, for the breast electrical impedance image 
reconstruction, the real-time image is not necessary due to the property of breast tissue 
and organ. Therefore, the MK2 development will focus on the accuracy of measurement 
and the extension of number of measurement channel. 
In ElM research, the imaging frequency of interest is in the wide range from DC to 
high frequency over lOOK Hz or even over 1 MHz. The MK2 research and development 
target is to concentrate on the factors effecting measurement bandwidth, explore potential 
solutions, analyze the circuitry and study the methodology of the system implementation. 
The critical feature in image reconstruction from bio-impedance analysis is that the 
internal impedance of the imaged object is calculated from injected current and measured 
boundary voltage. This inverse solving process relies upon the number of independent 
data being measured. High resolution reconstructed impedance distribution from very 
limited number of data will have some uncertainty. In image reconstruction practice, this 
problem is solved by modelling the imaged object to limit the range of convergence in the 
reconstruction algorithm. The MK2 data acquisition system will also act as a platform for 
measuring parameters of the modelling matched to the real imaged object output. 
2.4 The aims of the thesis 
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This thesis aims to investigate the electrical impedance measurement method and 
possible extended hardware implementation. In addition, based on these research results. 
the MK2 data acquisition system plays a key role for providing accurate data for the 
image reconstruction algorithm implementation and further hardware development. 
• Give a basic electric circuit analysis on the serial EIT system, and fmd its limits on 
the high frequency impedance measurements. 
• Investigate the popular used Howland topology current source to find the best way 
to improve its output-impedance. If it is possible, try to give a solution on 
matching of resistors in the manufacturing process. 
• High CMRR front-end amplifier design and embedded active electrode design as a 
potential solution for wider bandwidth EIT system implementation. 
• With all electrodes combination voltage measurement, design a program 
controlled gain amplifier to enhance small voltage signal measurements in terms 
of signal-to-noise ratio. 
• Investigate the all data acquisition methods and electrode configurations for high-
speed data collection system design. 
• Design and implementation of Multi-channel EIT system is the main output of this 
project. It will be achieved from the prototype designs from above investigations. 
2.5 Summary 
The De Montfort MK 1 impedance analyzer has been successfully used for clinical 
tissue bioelectrical properties investigation. The results demonstrate the feasibility of 
using the electrical impedance imaging technology on breast cancer early detection in that 
tissue specificity has been shown in Figure 2.3. 
As the first electrical impedance imaging system, devoted to breast cancer research, 
the MK2 data acquisition system development will focus on the accuracy of 
measurement~ extend system bandwidth, and the possibility of multi-channel extension. 
The MK2 system is the hardware platform for further hardware developments and inverse 
problem solving. 
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3.1 Introduction 
Electrical impedance tomography requires the application of electrodes onto the 
surface of the body, around the region of interest. Like most EIT systems, the MK2 uses 
16 electrodes for two-dimensional data collection. For breast cancer imaging purposes, 
the arrangement of these electrodes is critical and any positional errors and contact 
problems make the acquired data distorted and non-reproducible. 
Many methods [40, SO, and Sl] have been used in the data acquisition strategy; they 
can be divided into two categories: current drive and voltage drive. Current drive is the 
classic four-electrode method [13] used in EIT systems, and in the MK2 system design. 
The accuracy of data will directly depend on the quality of constant current source. As the 
measured impedance is in the range of 1000 to 2KO, the output impedance of current 
source should have at least 200KO to ensure its 1 % accuracy. In addition, if the contact 
impedance is considered, the equivalent output impedance of the current source should be 
much higher. In the multi-frequency EIT data acquisition system, the output impedance 
of the current source will be even worse at the high imaging frequency. The performance 
of current source in the system can be affected by other peripheral connections, which 
includes electrodes, cable and multiplexer. 
The Howland topology is the most popular design in current source constructions, 
as reviewed in the section of 1.S.2 in Chapter 1. In 2003, A S Ross [76] also suggested a 
tuning method based on GIC circuit to resolve the effect of stray capacitance on this 
current source and they reported an improvement of output impedance at a tuned 
frequency. Due to the complexity of the implementation and the limitation of bandwidth, 
this method is still in the early stage of development. 
In this chapter, the Howland topology circuit is investigated using electric circuit 
analysis and PSPICE simulation. An optimized design method is provided for practical 
circuit design and prototyping. 
3.2 Howland current source 
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In multi-frequency EIT data acquisition system, the perfonnance of the constant 
current source is degraded by the application of cables and multiplexer. The stray 
capacitance of these devices shunts the high frequency signal path. In the MK2 system. 
using separate driving and receiving electrodes reduces the effect of this problem, as 16 
electrodes apply current and 16 electrodes take voltage measurement. However, a more 
efficient solution would be to distribute the front-end circuit around the imaging area, 
thereby removing most of the cable and multiplexer connections. In addition, the 
electronic circuit needs to be optimized to achieve highest possible output impedance in 
its simplest structure. 
Howland current source has simple circuit layout and could be implemented into a 
small package, which shows a potential for an active electrode application. 
3.2.1 Basic Structure of Howland Circuit 
The circuit in Howland topology involves one operational amplifier and a resistor 
network, as shown in Figure 3.1. For the ideal operational amplifier, the gain is infinite 
and the input impedance is infinite, so 
When 
then 
Vi 
--'W 
1 
1 = -- ·v R I 
3 
To electrode 
V R4 R3 
+Vcc 
+ 
-VCC 
\/\" 
R1 R2 
Va 
Figure 3.1 The basic structure of How land current source 
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From Eq3.3 it can be seen that the output current is dominated by the input oltage 
and R3 , and this circuit is ideally a constant current source under the condition R~ = R .. . 
R\ R~ 
If the resistors were perfectly matched, the output impedance of the circuit would be 
infinite. The common mode voltage V is the loading voltage, which follows the change of 
load impedance. When the current is designed large or load is large, this COl11111on mode 
voltage drives the operational amplifier into saturation. Consequently, the loading voltage 
directly limits the compliance of the basic Howland circuit. 
3.2.2 The improved Howland current source 
To improve the compliance of this constant current source, a resistor R5 is inse11ed 
between the non-inverting input and output of current source, as shown in Figure 3.2. 
R3 R4 
To electrode 
V 
+Vee 
+ Vo 
Rs 
-Vee 
Vi 
R1 R2 
Figure 3.2 The improved Howland current source circu it 
If Op-amp A is considered as an ideal operational amplifier, the output current of 
the circuit can be described as 
Eq3.4 
When 
R2 = R .. + Rs Eq 3.5 
R\ RJ 
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then Eq3.4 will be simplified to: 
Eq3.6 
According to Eq3.6, the improved Howland circuit output current is dominated by 
the input voltage Vi and value of resistors R], R2 and R5• It forms an ideal constant current 
source under these conditions. Vi can also be connected to the non-inverting input 
terminal of op-amp. Under the same conditions as above, the output current is 
I V 1 R2 
= i' R5 . R1 Eq3.7 
The output impedance of the improved circuit could be found by the following procedure. 
Assume ~ = 0, then 
[ 1 R3 R2 1 1] I=V _. .(1+-)-( +-) R5 R3 + R4 R1 R3 + R4 R5 Eq3.B 
Therefore the output impedance of the circuit is 
V R5(1 + ~: J 
Zo=- - Eq3.9 
I R2 R5 +R4 
R1 R3 
When the condition R2 = R4 + R5 is satisfied, the circuit will perform as an ideal 
R1 R3 
current source and the output impedance is infinite. 
The analysis is based on the ideal operational amplifier. In practice, the dynamic 
range, gain bandwidth production, and open-loop gain are limited, especially at high 
frequency. Due to the introduction of R4, the voltage over the load impedance is divided 
by R3 and R4, and is presented to the non-inverting input of amplifier. Therefore, the 
compliance of this Howland circuit is improved. 
3.3 The problems on matching Howland circuit resistors 
In the implementation of the current source. infinite output impedance IS 
unachievable due to the tolerance of resistors and the imperfection of operational 
amplifier. 
3.3.1 The effect of lIn111atched resistors in Howland circliit 
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With unmatched resistors, Zo will be degraded to a limiting le\"el. If 
R2 R4 + Rs . 
- - R = k and the tolerance of commercIal product R] to R5 is U, then in the RJ 3 
worst case situation: 
Rs (1 + R4 )(1- a)3 
R3 
Z worst case - ---4-k-a--- Eq3.10 
It can be seen in Eq3.1 0 that three factors affect the output impedance of the circuit. 
(1) Tight tolerant resistors will directly ensure high output impedance. The current 
source using 0.1 % tolerance resistors have ten times larger output impedance than one 
using 1 % tolerance resistors. 
(2) The ratio Rs can be worked out using Eq3.6, in which Vi is limited in the dynamic 
k 
range of operational amplifier and I is the amplitude of constant current being required. 
(3) The ratio of R4 is smaller than the close-loop gain of the operational amplifier, 
R3 
which is designed with respect to the stability of the operational amplifier and the 
working bandwidth. 
Table 3.1 gives the calculated minimum output impedance using the above analysis 
using different resistor settings: 
Table 3.1 The expected output impedance of Howland current source with an ideal op-amp 
Output impedance of current source with 
Resistor setting values (kD) 
different resistor Tolerance (kD) 
Rs R4 R3 k 5% 1% 0.1% 
2 1 1 3 5.72 32.3 332.3 
2 5 1 7 7.35 41.6 427.3 
2 10 1 12 7.86 44.5 457 
In addition, with unmatched resistors, the largest amplitude deviation of the constant 
current can be estimated from Eq3.6 
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Eq3.11 
Here, the tolerance of resistor is u. Therefore, for the prototyping circuit, the CUITent 
could have as large as a 0.6% deviation with using of 0.1 % tolerance resistors. This 
design error does not take into account the effects of the operational amplifier and input 
voltage. Consequently, the deviation will be even greater. 
3.3.2 The effect of non ideal operational amplifier in Howland circuit 
R2 
. 12 R1 
Vi 
. 11 V~ I ~ Rid® Vo 
V~. 15 Rs 
• 13 . 14 
R3 R4 
V 
Figure 3.3 The operational amplifier internal electric model given in Howland cu rrent source 
which is presented with limited input-imped ance R id and limited open-loop gain A Od 
The results in the previous section were acquired using resistors connected to an 
ideal operational amplifier. Actually, the operational amplifier is not perfect as assumed 
having infinite open-loop differential amplify gain and infinite input impedance. All the 
derived equations assume that the operational amplifier does not absorb any CUITent. 
which is not true in bipolar operational amplifiers, especially those fo r hi gh-speed use. 
Figure 3.3 depicts an operational amplifier model with finite differential gain A od and 
input impedance Rid. The CUITent absorbed by the operational amplifier is h:; VI and VI' 
are the input voltages at the inverting and non-invert ing terminals respec ti ve ly. and T'"o i 
the output voltage of the operational amplifie r. Therefore, the ba ic equati on are given a 
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V,-V
E
= Va 
E A 
ad 
Eq3.12 
Eq3.13 
If the loading current is I and the loading voltage is V, at the circuit nodes V.: V~'and 
V, the current sum is zero: 
II - 12 - IE = 0 
14 - 13 - IE = 0 
I - Is - 14 = 0 
Here, h to 15 denote the current passing through the resistors RJ to R5. 
Eq3.14 
Eq3.15 
Eq3.16 
Combining the equations Eq3.12 to Eq3.16, the loading current can be described as: 
.v. 
I 
Eq3.17 
+ 
According to this equation, the current will be dominated by input voltage Vi' if the 
second part of equation is forced to equal to zero. If input voltage V; = 0, the output 
impedance is Z a = V / I , that is 
R, + 1 +(R, -~ ~ -~) 1 
~ _(~ +~) R, +~ 4d R, +~ ~ +1\ 4d- -«d 
~) ~ ~.~ -R, -(1\ +Rs) ~ +~ +Rs ._1 +(~ +Rs R, -~ -(~ +~ +Rs)) ___ l __ 
~ -(R, +~) ~ 4d ~ 4d'-«d 
Eq3.18 
Because nonnally the value of open-loop gain and the input impedance of an operational 
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1 
amplifier are relatively large, it can be seen that is relatively unimportant and 
Aod . Rid 
can be ignored. Hence, the effect of _1_ is the main error source of the Howland circuit 
Aod 
and the output impedance can be given as 
R J 1 
-----=--- + --
z =R J .(R3 +R 4 ). R J+R2 Aod 
() R 3 R3 . R2 - RJ . (R4 + Rs ) R3 + R4 + Rs 
Eq3.19 
1 
R3 . (RJ + R2 ) R3 
Wh h d· . R2 R4 + Rs . 1· d h en t e constant current source con Ihon - = IS app Ie , t e output 
RJ R3 
impedance of the circuit is dominated by Aod ' The output impedance Z 0 can reach infinity, 
when 
or 
R3 . R2 - R J . (R4 + Rs ) 
R3 . (RJ + R 2) 
R3 + R4 + Rs . _1_ = 0 
R" Aod 
R2 = R4 + Rs + (1 + R4 + Rs J . (1 + &J . _1_ 
R J R3 R3 R] A~ 
Eq3.20 
Eq3.21 
From the foregoing description, it can be seen that the effect of finite open-loop gain 
is magnified by the square of non-inverting input gain. In addition, in practice, the gain of 
negative feedback of amplifier should be kept to a smaller value to make it easy to match. 
The output impedance could be described as 
Eq3.22 
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And the output current is 
V. R2 I = -' . ---=----
Rs R R1 +R2 
1 + --'------=-
Aod 
Eq3.23 
The output current is also affected by the finite open-loop gain of the amplifier and this 
effect works with the sum of the value of the negative feedback loop resistors (R1 + R2 ). 
3.4 The solution to improve Howland Circuit performance 
As analyzed in last section, in equation Eq3.22, when the resistors are matched 
R2 R4 + Rs ., . . .. 
as - = = k , whIch k IS the negatIve feedback gam of the CIrcmt. The output 
R1 R3 
impedance of the Howland circuit is 
Eq3.24 
From the equation Eq3.21, the matching of resistors R2 = R4 + Rs does not 
R1 R3 
produce the desired high output impedance of the current source due to the effect of the 
finite open-loop gain of the op-amp. However, an infinite output impedance of the current 
source can still be reached by slightly adjusting one of the balanced resistors, such as R3 
which will satisfy the equation Eq3.21. Assuming M is needed for the adjustment, and 
then equation Eq3.221 can be written as 
k = k· R3 + (1 + k· R3 J. (1 + k). _1_ 
R3 + f1R R3 + f1R Aod 
and the adjustment for R3 could be made as 
(1 + k)2 . _1 ( )2 
Aod ~ 1 + k 
--------=..:.:.--
1 k 
k-(l+k)·-
A"d 
1 
.~ 
. 0" 
Eq3.25 
Eq3.26 
The adjustment of the resistor depends on the open-loop gain of op-amp used in the 
circuit and the circuit's close loop gain. 
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After the adjustment of R3 , the amplitude of output current is not changed and onlv 
affected by the open loop gain: 
Eq3.27 
The adjustment of R3 provides a compensation for the imperfection of operational 
amplifier to balance Howland circuit. This method does not increase the complexity of 
circuit and easy to achieve. As this compensation does not affect the designed output 
current, it will extremely simplify the circuit manufacturing when this circuit is applied 
into active electrode application where hundreds of active electrodes are demanded for 
uniformed output current. 
3.5 PSPICE simulation 
The prevIOUS analysis is based on an ideal operational amplifier with different 
tolerance resistors. In fact, the operational amplifier itself is far from the perfect, 
especially at high working frequencies. In the manufacture's datasheet, the gam 
bandwidth product or unit gain bandwidth is provided as a design reference. This 
parameter indicates if the working frequency is too close to the higher end of bandwidth, 
the operational amplifier cannot provide a high open loop gain and the phase shift will 
increase dramatically. Some manufactures give this bandwidth parameter with 
compensated gain, which allows users to design the devices into the circuit without a 
special compensation network, which is needed for the operation stability and accuracy. 
However, normally this compensated bandwidth is much narrower than the natural 
bandwidth. Care must be taken when an uncompensated operation amplifier is used in the 
circuit design, as this kind of amplifier has a wider gain bandwidth product in the 
datasheet than in practice. Basically, without any compensation components they cannot 
work properly. The compensation network cancels oscillation, drift and other unwanted 
amplifier behaviour. However, they certainly adversely reduce the circuit working 
bandwidth. In addition. with mnplifier working in different power output, it also has the 
bandwidth change. 
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The operational amplifier compensation capacitance and small internal driye 
currents act together to limit the rate, at which the output can change~ even \\hen a large 
input unbalance occurs. This limiting speed is usually specified as slew rate (SR). The 
slew rate limits the amplitude of an undistorted sine wave output swing abo\'e the 
frequency at which the full supply swing requires the maximum slew rate of the 
operational amplifier. A sine wave of frequency Jhertz and amplitude A volts requires a 
minimum slew rate of 2 Jrj A volts per second. For externally compensated operational 
amplifier the slew rate depends on the compensation network used. 
For internally compensated operational amplifiers the open loop gain as a function 
of frequency is simply a 6dB/octave roll-off beginning at some fairly low frequency, an 
intentional characteristic necessary for stability. This roll-off results in a constant 900 
lagging phase shift from input to output (open-loop) at all frequencies above the 
beginning of the roll-off, increasing to 1200 to 1600 as the open-loop gain approaches 
unity. Since a 1800 phase shift at a frequency where the voltage gain equals 1 will result 
in positive feedback as oscillation, the phase margin that specifies the difference between 
the phase shift at /T and 1800 must be checked in the circuit design. 
For high-speed operation, in general, bipolar transistor operational amplifiers have 
higher bias currents. In addition, some operational amplifiers have asymmetrical output 
drive capability, with the ability to sink more current than they can source or vice versa. 
Therefore, in selection of the operational amplifier a symmetrical structure amplifier will 
be a better choice. Nowadays integrated circuit manufacture process has adopted a laser 
trimming technology to reduce the bias current and draft voltage problems. 
Table 3.2 The frequency response of a non-ideal op-amp (from OPA620 datasheet, Burr-Brown) 
Gain = +1VN 300MHz 
Gain = +2VN 100MHz 
Closed-Loop Bandwidth (-3dB) 
Gain = +5VN 40MHz 
Gain = +10VN 20MHz 
Gain-Bandwidth Product Gain ~+5VN 200MHz 
V 0 = 5Vp-p Gain = +1VN 11MHz 
Full Power Bandwidth 
V 0 = 2Vp-p Gain = +1VN 27MHz 
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Having considered most market available operational amplifiers, the OPA620KU is 
chosen as the current source design. Its bandwidth parameters are shown in Table 3.2. 
The OPA620 is a precision wideband monolithic operational amplifier featuring very fast 
settling time, low differential gain and phase error, and high output current drive 
capability. The OPA620 is internally compensated for stability. It has a very low offset, 
fully symmetrical differential input due to the "classical" operational amplifier circuit 
architecture, as Figure 3.4 shown. The OPA620 may be used in all operational amplifier 
applications reqUInng high speed and precision. Low noise and distortion , wide 
bandwidth, and high linearity make this amplifier suitable for radio frequency 
applications. Short-circuit protection is provided by an internal current-limiting circuit. 
Non-Inverting 
Input 
Inverting 
Input 
- V0: 
Output 
Sl<1'J8 
'\ Output 
Figure 3.4 Fully symmetrical differential input stage of operational amplifier OPA620 
The PSPICE model of the OPA620 is the commercial model from Burr-Brown, Inc, 
which is useful when analyzing the performance of analogue circuits and systems using 
computer simulation. This model is particularly true for Video and RF amplifier circuits 
where parasitic capacitance and inductance can have a major effect on circuit 
performance. Simulation is performed to demonstrate the performance of the operational 
amplifier in the Howland topology circuit over the working bandwidth and designed 
constant current amplitude. The power supply and voltage source used in the simulati on 
is set to the ideal situation without noise or other limitations. 
3.5.1 SiJ11ulation 1: Howland circuit with a non-ideal op-{lInp 
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According to the product datasheet, the OPA620 has ±3V input voltage range for 
accurate operation, and it is compensated for stability. With a desired output cunent 2mA 
maximum, two sets of simulations are carned out with the resistor values as Table 3.3. 
Table 3.3 The resistor value setti ngs in the Howland circuit simulation with different gain 
Gain R1 R2 R3 R4 R5 
Resistor setting 1 1.5 2kn 3kn 2kn 2kn 1kn 
Resistor setting 2 3 1kn 3kn 1kn 2kn 1kn 
Figure 3.5 is the Howland circuit for the simulation. The power rails for the 
operational amplifier are ±5V dc source without any wave frequency or noise included. 
The resistors Rl to R5 values are the nominal value in the Table 3.3. The simulation is 
applied with a frequency scanning from 1 kHz to 10MHz and with the resistance load 
changing from 2000 to 20000 by a step of 2000. The simulation results are shown in 
Figure 3.6 and Figure 3.7, which show the output current changing versus loading and 
frequency. 
R1 R2 
1k 
3k 
2 
6 
3 
+ 
R5 PARAMETERS 
-=- 0 - +5V l 1k 
R3 -=:=- 0 R6 
1k R4 2k 
-=- 0 
-=- 0 
Figure 3.5 The Howland circuit in PSPICE simulation 
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Figure 3:6 The Howland ~urrent source simulation: the current output versus the frequency with 
the resistor network setting 1 (loading is changed from 2000 0 to 20000 · by a step of 2000) 
1 . 2 mA~------,-------~------~------.-------,-------,-------~----~ ~ . 
.. , ... .. . ......... ;.......... ... ~ 
........... i " ......... ....... ... .. .......... ...... .. ;....... ............. . .......... ·t ·....·· ............................ i .. · .. ···· .. · ...................... ·.... 11 .... · .. ······· .. ·_· .. · .. ··· ....... -~~ ........ - .............. -....... . ...... j 
.............................. . ....... -...................... t ................. ······· ...... ·· .. ······ • .... ....... ······ .. ······ .. ····· ...... · .. ·····1·_· .... · .. ····· .. _· ............. -., ................. ···· .. _·· ·· .. · .. ····_·1 ~ 
.......... -!- .... . . . .......................................................... ;-..... . : 
1 . 0mAra~~~~~~~~~~~~~ ...~.;~.~. :~ .....~ .. a ... ~~4~ ~~~.~~~~~~~ ••.• ~=I ....~ .....~. ~.  
• 
I ..... .... · .. ··· ...... ···· .. · .. ·i ............. ··· .... ·············· .... ·····1 
.... ...... ........................... .. • ...... ............. ........ .................. 1 ... .. .. .. ..... : 
: . 
....... ~ .... ...... -.... . ... . 
: :.:. O . 8mA+-------~------~----~-------4------~------~------~----~ 
1. OMH :: lOMH:: 1 . 0KHz 10K Hz lOOI\H:: 
o 0 ~ ~ 0 + A Y * I (R6) 
frequency 
Figure 3.7 The Howland current source simulation: the current output versus the frequency with 
the resisto r network setting 2 (load ing is changed from 2000 0 to 20000 . by a step of 2000) 
Table 3.4 is the output impedance of the cunent source with two different resistor 
settings . The output impedance of setting 1 is smaller than the value of setting 2, and both 
of them are far away from desired value of the output impedance, as di scussed in ec ti on 
3.3 .1 , even though in this simulation the resistors are using their nominal va l ues. 
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Table 3.4 The equivalent output impedance of the Howland circuit with different gain settings 
versus frequency 
Circuit Setting 1 Circuit Setting 2 
Frequency (Hz) R1=2KO; R2=3KO; R1=1KO; R2=3KO; 
R3=2KO' R4=2KO' R3=1KO" R4=2Ko" ' , , ,
R5=1KO R5=1KO 
1K 162.19KO 254.33KO 
10K 159.36KO 253.38KO 
100K 156.64KO 254.33KO 
1M 137.28KO 237.65KO 
2M 95.10KO 201.62KO 
5M 30.52KO 96.97KO 
3.5.2 Simulation 2: compensated the Howland circuit 
According to Eq3.26, with op-amp OPA620 (about 800 open-loop-gain at 250 kHz), 
the adjustment of resistor value can be worked out as shown in Table 3.5. 
Table 3.5 Resistor R3 value adjusted according to the limited open-loop gain at high frequency 
in the Howland circuit simulation 
Gain R1 R2 R3 R4 R5 
Resistor setting 1 1.5 2kO 3kO 20100 2kO 1kO 
Resistor setting 2 3 1kO 3kO 10060 2kO 1kO 
This simulation still uses the circuit as Figure 3.5 shown. The power rails for the 
operational amplifier is +/-5V DC source without any other waved frequency or noise 
included. The values of the resistors are kept as the nominal values in the 
Table 3.5. The simulation is applied over 1kHz to 10MHz and with the resistance 
load changing from 200.0 to 2000.0 by a step of 200.0. The simulation results are shown 
in Figure 3.8 and Figure 3.9, which show the output current changing versus load and 
frequency. 
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Figure 3.8 The Howland circuit simulation result with resistor setting 1 plus res istor value 
adjustment (loading is changed from 2000 0 to 20000 · by a step of 2000) 
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Figure 3.9 The Howland circuit simulation result with resistor setting 2 plus resistor va lue 
adjustment (loading is changed from 2000 0 to 20000 · by a step of 2000) 
Table 3.6 The improved equivalent output impedance of the Howland circuit with the 
consideration of the limited open-loop gain 
Circuit Setting 1 Circuit Setting 2 
R1=2KO; R2=3KO; R1=1KO; R2=3KO; 
Frequency (Hz) R3=20100; R4=2KO; R3=10060; R4=2KO; 
R5=1KO R5=1 KO 
1K 4.89MO 532MO 
10K 3.17MO 3.99MO 
100K 2.35MO 
3.89MO 
1M 717.66KO 
2.28MO 
2M 216.16KO 
796.56KO 
5M 30.52KO 
149.41KO 
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Table 3.6 lists the calculated output impedance of the two circuit settings at the 
investigated frequency bandwidth. It can be seen that at the low frequency. the calculated 
output impedance have been improved comparing with the circuit settings \yithout 
compensation. Still the circuit setting with high close-loop gain keeps larger output 
impedance as expected. 
3.5.3 Simulation conclusions 
In this section, two simulations using high-speed operational amplifier OPA620 
commercial PSPICE model, have been carried out for the Howland circuit simulation. It 
shows that the simulation results agree to the previous mathematical/physical analysis on 
the operational amplifier. The new compensation method could be used in the practical 
circuit design and easy to be implemented. 
1. According to the simulation results, it is seen that using the tight tolerance 
resistors in the circuit design, the main difficult is to match the resistor network. 
2. In practice, the open-loop gain of an operational amplifier is limited, especially 
at high frequency. In this situation, to improve the output impedance further, it 
would be necessary to give certain compensation to the effect of limited gain. 
3. U sing tight tolerance resistors is an easy solution in the circuit implementation. 
If it is available, laser-trimming technique is more applicable. 
4. For multi-channel current source design, it must consider not only the output 
impedances, but also the uniformity of the output current values. Otherwise. it 
has to use certain complicated calibration procedure to correct. 
5. The performance of the current source also depends on the load being driven. 
The large load will cause the op-amp saturation if the load voltage is high. 
6. At higher frequency, the performance of current source is significantly 
degraded by the stray capacitance of electronic components, such as op-amp 
and other passive devices. If the current is delivered by cable and multiplexers. 
the situation will become worse. Solving this problem has to be reply on the 
distributed system design and the active electrodes application, which will be 
discussed in the following chapters. 
The results form basic guiding for the practical circuit design and are applied to the 
differential voltage controlled current source research. 
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3.6 The current source PCB design and test 
3.6.1 The design of the printed circuit board of the current source 
A differential current generator is built into a printed circuit board as Figure 3.10 
shown. The package of the amplifier is small, surface-mount to ensure the smallest size of 
the physical circuit, to offer the best ac performance. In addition, all peripheral 
components are chosen as surface-mount package, which has low lead inductance. 
Figure 3.10 The current source 
All printed circuit board tracks are laid as short as possible so that the cunent signal 
can be connected to the ground at the nearest place. Stray capacitances should be 
minimized, especially at high impedance nodes, such as the amplifier' s input terminals. 
Stray signal coupling from the output or power supplies to the inputs should be 
minimized. All circuit element leads should be no longer than I/,. inch to minimi ze lead 
inductance. It will minimize the electromagnetic interference to the nearby circuit. 
Power supply bypassing is extremely critical and must always be used, especia ll y 
when driving high current loads. In the circuit, Tantalum capacitor IIlF and parall el 
cermnic O.lIlF are added to the power supply pins of the amplifier. The vo ltage signal 
transmitted from sine wave generator is terminated at son, matching the characteristic 
impedance of the transmi ssion line. 
Metal film resistors are chosen to improve the frequency and noise re pon e and 
matching of resistors is done manuall y using an ohmmeter. 
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The op-amp OPA620KU is the small outline and surface mount chip. which has 
internal laser trimmed compensation. This benefit s the matching of two current circuits. 
which are built into the differential structure current source. In addition , it is a good 
pioneer work for distribute-system design. 
3.6.2 Test of the printed circuit board of the current source 
The output impedance of the current source can be determined using a measurement 
of the voltage on the different loads. In the diagram as shown in Figure 3.11 , the vo ltages 
on the two load Rand R' are measured as V and V' using a voltage meter. In addition , the 
output current I from the current source has the relationship with the output impedance 
of the circuit and the load resistance as 
therefore, the output impedance Zo can be derived from this equation : 
V ' - V 
Z =---
a V V 
R R 
R R 
A B 
Figure 3.11 The current source equivalent output-impedance measurement 
Eq 3.28 
Eq3 .29 
A digital oscilloscope (DSO 1604) is used to measure the vo ltage on the load 
resistor, which is connected in parallel with the load. The load res istance is changed from 
loon to 1000n and the current frequency is chosen being measured at 20 KHz, 100 KHz. 
and 500 KHz, 1 MHz and 2 MHz. 
The equivalent output impedance is shown in Figure 3.13. The resistor al ues are 
set as table 3.3 and table 3.5 respective ly. Comparing the experimental re ult. as ho\\'n in 
F igure 3. 13, with the simulation result , as shown in Figure 3. 12 . the adj u tment on the 
res istor RJ has improved the output impedance of the current so urce a e:-.:pec tcd . but the 
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change is smaller than expected. This is due to lack of fine adjustment on the reS1 tor 
value, and accuracy of measurement tools . 
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Figure 3. 12 The Howland cu rrent source simu lation : the output impedance versus frequency 
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Figure 3.13 The Howland current source PCB circuit test: the output imped ance versus frequency 
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Significantly, at frequency about 1 MHz, the performance of current source 
becomes worse, which can be seen from either experimental result or simulation result. 
Firstly, the working bandwidth of the op-amp has reached the limit , and over thi 
frequency the phase shift will increase. As it has been mentioned earlier in this thesis. the 
high performance bandwidth is far smaller than the one provided in the datasheet. 
Secondly, the stray capacitance of printed circuit board played a critical role to demolish 
the performance of this circuit at high frequency. Ihe output impedance of current source 
at higher frequency is still an issue in the future ElI system research and development. 
3.7 Differential current source 
If the current source is referenced to the ground, as shown in Figure 3.14, the 
voltage drops across the grounded electrode and the tissue. It induces a con1l11on mode 
voltage at the input terminal of the front-end amplifier. This common mode signal has 
several orders of magnitude higher than the differential signal to be measured. In order to 
limit its effect, a differential current source is used in most of ElI systems to inject a 
current into the conducting region. In this case, for a given inj ection configuration as 
shown in Figure 3.15 , the common mode voltage is minimal for the pair of measurement 
electrodes opposed to the injection pair, that is , the pair corresponding to the weakest 
differential signal. In the absence of a COmlTIOn mode feedback, the closer one gets to the 
injection pair, the more the common mode voltage increases. 
z 
ov 
a b 
Figure 3.14 The single current source injection mode in electrical impedance measurement 
a) The current source is connected to the electrode pair (A and B) at the boundary of an 
object . b) The simplified circuit model of Impedance measurement 
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This design method is applicable to adj acent or diametric drive or any other m thod 
that involves the use of a pair of electrodes that inj ect current with equal amplitude and 
opposite phases. 
+1 1 
+1 ZA 
.-,::'-
zI f~ ·· .. ·.·. l---- .. ·.·· ..... I ov -I Zs J 
a b 
Figure 3.15 The differential current source injection mode in electrica l impedance measurement 
a) The current source is connected to the electrode pair (A and B) at the boundary of an object. 
b) The simplified circuit model of impedance measurement 
The equations giving the magnitude of the voltage-to-current conversion fac tor of a 
current source implicitly assume that the actual component values are identical to their 
nominal values and hence that the output impedance is infinite. In practice, however, the 
actual values of the resistors used always differ from their nominal values. This results in 
a value of current that differs from that calculated one. These approximati ons are 
generally acceptable if a single generator sourcing to earth via the load is used. When two 
generators are used to form a differentia l source, to deviation fom1 the nominal current 
and output impedance values for each generator can have a marked influence on the 
overall circuit performance. The design of cunent sources fo r symmetri cal dri ve in EIT 
must therefore take into account the tolerances of the components used. 
The serial connection of two current sources would result in a confl ict if the two 
SOLU'ces have different output currents and infinite output impedance. In prac tic . hO'vve er. 
two manufactured circuits always have di ffe rent and fin ite output imp dance \'alue . The 
simplified electrical circuit model of the di ffe rential current so urc i 'hown in Figure 
3.1 6. 2, and 22 are the output impedance of two CUlTent source and I , amI ( are the 
delivered currents. 2 is the obj ect impedance being mea ' urcd . Frc m thc circui t 
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configuration, the current applied to the load can be derived 
I = 21 .11 + 2 2 .12 
21+22 +2 
And the common mode voltage is 
v = ~ + V2 = 21 .22 . (II -12) + 2 · (21 .11 - 2 2 .12) 
COlli 2 21 + 2 2 + 2 2 . (21 + 2 2 + 2 ) 
11 ~ IZI t Zl 
Z ~ I 
12 ~I t Z2 Z2 
Figure 3.16 The differential current source equivalent electric model 
Eq 3.30 
Eq3 .31 
From the equation Eq3.30, it can be seen that the injected current is slightly drifted 
away from the calculated value, which is to be used in the object impedance measurement. 
However, if each single current generator is designed with high enough output impedance, 
comparing with the load impedance being measured, the current drift can be ignored in 
the measurement and this imbalance will not be a large error source, even if these two 
current sources are not matched that well. 
In the common mode voltage description Eq3.31 , this imbalance induces some level 
of the common mode voltage to the front -end amplifier. It can be seen that the common 
mode voltage consists of two parts. One part is proportional with the different of two 
current amplitudes II -12' and this part of the unbalanced current by-pass the outpu t 
impedance to form the common mode voltage. The second part of the common mode 
vo ltage is produced by the imbalanced output impedance of two cunent sourc , e\' n if 
two equal amplitude and opposite phase currents were inj ected into the obj ec t. It can be 
seen, when II = 12 
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v = Z . (Z1 - Z2 ). 11 
COI1l 2 . (Z 1 + Z 2 + Z) Eq3.32 
U sing the Howland circuit to build a differential current source, the output currents 
are still dominated by the resistor-network in Eq3.4 . Vi and ~' are two input vo ltages to 
the differential circuit. R1 to Rs and R; to R~ are the resistors in respective position in the 
Howland topology, which form the differential current source. Z and Z ' are the output 
a a 
impedance of these two circuits. Then V and V ' are output voltages of two current 
generators. 
Eq3.33 
Because Zo and Z~ are relatively large, the performance of this differential current 
source is relied on the matching of these two resistor networks. In addition, the vo ltage 
value of the differential inputs must have the same amplitude and 180
0 
phase shift. 
3.8 Voltage controlled current source (VCCS) 
Buffer VCCS+ 
0----
0----
0--
DSP DDS 
Multiplexer 
0----
0----
Buffer VCCS-
Figure 3.17 The direct digital synthesis VCCS block diagram and the current distribution 
As discussed, the value of the Howland circuit output current is propo l1i onal to the 
input vo ltage , whether it is an inverting input or non-inverting input. In practi ce . the 0 P 
can provide sine wavefo rm to cunent generator by digital ynthe izer. Therefore. the 
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applied current value can be adjusted flexibly in some circumstance according to the 
measured voltage signals on the electrodes. This function could give adaptive current 
value to improving signal-to-noise ratio. The diagram is shown in Figure 3.17. 
The digital solution for a sine wave generator is a direct digital synthesizer. which 
using fast digital-to-analogue conversion technique can form any frequency and phase 
shift sine wave in its working bandwidth. Moreover, its amplitude of synthesized sine 
wave could be set freely with higher digital resolution. 
In the MK2 system, the chip AD7008 (Analog Devices, Inc) is adopted for building 
the digital sine wave generator. The AD7008 direct digital synthesis chip is a numerically 
controlled oscillator employing a 32-bit phase accumulator, sine and cosine look-up 
tables, and a 10-bit DI A converter integrated on a single CMOS chip. Clock rates up to 20 
MHz and 50 MHz are supported. Frequency accuracy can be controlled to one part in 
four billion [73]. The AD7008 is easy to interface to the DSP by serial or parallel mode. 
In addition, the DSP is able to control the signal amplitude directly programming the 
register on the chip. 
The output of the digital-to-analogue converter is configured to be a single power 
supply, which simplifies the digital circuit power rails. However. it has to be transferred 
to a pure AC mode before it applies to the current generators. 
3.9 Summary 
In this chapter, the Howland circuit is discussed in detail in term of electrical circuit 
analysis, PSPICE simulation, and the printed circuit board experiments. The equivalent 
output impedance of the current source is the crucial parameter to ensure accuracy for 
four-electrode measurement. From the analysis, it is seen that the precision of peripheral 
resistors and the open-loop gain of the op-amp are the key issues to improve the output 
impedance of the circuit. 
The tolerance of the peripheral resistor plays the first role in the development of 
Howland current source. However, it is still unbalanced by the open-loop gain of the op-
amp. Manually adjusted resistors can be used for making a single high output impedance 
current source. However, as a manufacture operation, it makes this process more di tlicult 
to achieve. 
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U sing higher negative feedback gain is shown to give the higher output impedance 
of the circuit, as seen in equation Eq3.l0. This has been linked with the op-amp·s gain-
bandwidth product. The internal compensation inside the op-amp will also affect the 
bandwidth of performance. 
At high frequency, the output impedance of current source is also degraded by the 
stray capacitance of the circuit. This situation can be improved by using multi-layer 
printed circuit board, small outline components and proper track connection or signal 
isolation. 
The compensation method this chapter provided can improve the output impedance 
effectively, which just need an adjustment on R3 using formula Eq3.26. The designed 
output current value is not affected by this compensation and no extra component is need. 
This method makes the Howland circuit current source extremely applicable in the active 
electrode design. 
The result of the Howland topology current source has been applied into the MK2 
EIT system design. The generated current is multiplexed to the electrodes by means of 
connection cable. 
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Chapter 4 Voltage Measurement 
4.1 Introduction 
In the current drive configuration EIT system, a differential amplifier is used in the 
boundary signal collection. It is based on the four-electrode measurement principle, 
where two electrodes apply constant current into the object and the other two electrodes 
sense the differential voltage signal across it. Because no earth point is connected to the 
object being imaged, the method is called floating measurement. With some measurement 
configurations, the measured differential voltage is often much smaller than the common 
mode voltage that exists on each receiving electrode pair. Any mismatch of signal path 
converts the common mode voltage into the differential mode. This can cause large 
measurement error to the data set. Therefore, the front-end amplifier facing the receiving 
electrodes must have the ability to reject this common mode voltage to an acceptable 
level. This is known as common mode rejection. Especially at high imaging frequency, 
the stray capacitance of electronic components reduces the circuits' performance. 
In electrical impedance measurements, the contact impedance due to improper 
contact between electrodes and the surface of object is time varying and may have a large 
value. This makes the measured object like a high output impedance signal source. 
Therefore, the front -end amplifier is required to have sufficient input impedance to cope 
with this situation. 
Another problem existing in the EIT data acquisition systems is that the boundary 
voltage distributed on the object surface has a large dynamic range, especially when the 
adjacent electrode measurement configuration applies. It demands that the measurement 
circuit, including analogue-to-digital conversion, have a very high resolution with good 
signal-to-noise ratio. 
In this chapter, the task focuses on design high input impedance and high common-
mode rejection instrument amplifier, and a programmable gain amplifier to achie\'e 
precision voltage measurement. 
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4.2 Voltage Measurement on the Body Surface 
In electrical impedance measurement, the four-e lectrode configuration can 
minimize the effect of the contact impedance of electrodes by using high output 
impedance current source. However, the voltage measurement electrodes sti ll raise some 
issues on the circuit design with the consideration of the contact impedance, polarization 
potential and common mode voltage rejection etc. 
4.2.1 Input impedance of the front-end amplifier 
In the EIT data acquisition system, the voltage measurement is the crucial part of 
the circuit. This is affected by the time-varying tissue impedance, electrode/ti ssue contact 
impedance, and mismatch of the differential signal path. It is illustrated in Figure 4.1. 
VS1 Z1 ZC1 
V i1 
+ va 
Vs2 
Z 2 Zc2 
V i1 
Figure 4.1 The equivalent electrical circuit model of the input stage of the front-end amplifier 
In Figure 4 .1 , ZI and Z2 are the trans-impedance on the measured points of the object 
surface ; Z c l and Zc2 are the contact impedance of electrode 1 and 2; and Z i l and Zil are 
the input impedance of the front-end amplifier or voltage buffer. Here the effect of the co-
ax ial cable and other connections are ignored and it will be discussed in the Chapter 5. So 
the voltages onto the input tern1inal of amplifier Vi i and ~2 are the va lues of res i tor 
dividers at Vs l and ~2 ' that is 
Eq4 . l 
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V Zi2 i2 = Z . Vs2 
2 + Zc2 + Zi2 
and Eq.f.2 
Because of the uncertainty of electrode/tissue contact impedance, the value may be 
changed between tens to hundreds ohms depending on the electrode material. Contact 
impedance is produced by connection of two different materials and obviously is 
complex impedance having capacitance. Consequently, the contact impedance is a 
function of frequency. At low frequency, the capacitance of the contact impedance will 
induce phase shift imbalance to the differential input signal paths. It can be seen that the 
input voltage onto the front-end amplifier is varied by the sum of the source impedance 
and contact impedance; therefore, the front-end amplifier must have a large input 
impedance to minimize this unwanted change of voltage on the sensing electrodes. 
4.2.2 Common mode voltage rejection 
U sing a floating current source will induce large common mode voltage to the 
object to be imaged due to no common reference point. The differential Howland 
topology current source, which is discussed in Chapter 3, is not a floating current source 
and provides a ground plane somewhere in the imaging area between the two current 
electrodes. In the homogeneous impedance distribution of the imaged object, this ground 
plane nearly cuts the area into two equal parts, as shown in Figure 4.2. It may not be at 
the diameter position due to the imbalance of the differential current source. In this design 
configuration, the largest common mode voltage encountered on the object is the voltage 
on the electrode that is injecting current into the imaging area. Other researchers [33] 
reported the value of this common mode voltage at around 1.7Vp_p for an injected current 
of I rnA. Actually, the common mode voltages on the other receiving electrodes are much 
smaller than this value. 
However, the differential voltage on the receiving electrodes changes with position 
and voltage measurement strategy. For some imaging algorithms, the interesting part of 
the measurement is the part changing with physiological activity. which does not concern 
the absolute value of the voltage on the electrode, or on the imaging point of vie\\. the 
absolute value of impedance of imaging area, but the relative change \vith physiological 
activity. In this case, it is essential that the differential measurement being used to acquire 
the difTerential voltage on the electrode pair must be designed with a high common-mode 
voltage rejection capability. 
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Figure 4 .2 The differential voltage measurement with the grounded differential current source 
driving 
In the practical electronic measurement, any imbalance of differential circuit 
converts a common mode voltage to a differential signal and brings enol'S to the 
measurement. Corrunon mode rejection ratio (CMRR) defines the abili ty of a 
measurement system to accurately resolve difference measurements in the presence of 
common-n10de voltages. It is shown in Eq4 .3 , where Ad is the differentia l gain of a 
system and Ac is the common gain of a system. 
CMRR = 20 log Ad 
Ac 
Eq4.3 
Figure 4 .3 shows the electric resistance mesh made in the PSPICE simulation 
software. This mesh is used to simulate 2-dimentional imaging object. The bui lding block 
is resistor or resi stor with parallel-connected capacitor, which could be gi ven the va lue 
near the bio-impedance - complex impedance as a substitute of body ti s ue. Thi s 
approach was first used by the Cardiff group for electronic circuit test purpose [74]. Here 
it is used to find the amplitude of common mode voltage and differenti al mode vo ltage 
on each receiving electrode pair w ith adj acent driving and receiving strategy. From thi s 
simulation result , it is possible to derive the dynamic range of vo ltage mea urement and 
common mode rej ection demand fo r taking an accurate measurement. 
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3 4 
1 3 11 1 2 
Figure 4.3 The electrical resistance phantom (the electrodes position are marked by 
numbers) 
On this physical mesh, all the values of resistors are made uniform to represent a 
homogenous distribute impedance object. The ratio of common mode voltage to 
differential mode voltage is not affected by resistor values and the amplitude of injected 
current due to the properties of two-port electric network, If the accuracy of measurement 
is a , then the ratio of Ad and Ac should satisfy the condition Eq4.4, in which Vc is 
conlmon mode voltage and Vd is differential mode voltage, 
Figure 4.4 shows the common mode voltage on the electrode (red) and the 
differential voltage (green) on the neighbour receiving electrode pairs, It can be een that 
the receiving electrodes, positioned away from the CLllTent injecting elect rode . hcl\'e a 
smaller vo ltage signal and the largest common mode vo ltag is located on the rccc i"ing 
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electrode that is near the current injecting electrode. Obviously, the more electrode that 
are arranged on the surface of the object, the larger the CMRR needed to maintain the 
accuracy of differential measurement. In practice, this is very difficult to ensure. because 
under certain conditions tissues with different conductivity can dramatically change the 
current fie ld distribution inside the object and present a small differential voltage on the 
boundary electrode pair. Figure 4.5 shows the CMRR needed for the differential 
measurement in 16 channels based on the homogenous distribution of impedance inside 
the object. 
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Figure 4.4 Neighbour rece iving electrode pair: differential voltage (green) and 
common mode voltage (red ) in 16 electrodes configuration 
-CO 
"0 
-(k: 
(k: 
:! (.) 
80 
70 
60 
50 
40 
30 
20 
10 
0 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Neighbour receive electrode pair position 
CMRR of front-end amplifier needed for restra in common Figure 4.5 The 
voltage error less than 1 % (black) or 0.1 % (pink) 
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The above analysis provides a relative error of data and the error value is 
proportional to the measured voltage. However, actual measurement error is also 
introduced by several other circuit factors like noise level and quantization error, etc. The 
quantization error is dominated by the sampling resolution of analogue-to-digital 
converter. For 12-bit analogue-to-digital converter, the resolution of measurement system 
is 2.44m V in +5V voltage swing range. It can be calculated that, if the common mode 
voltage is 5V, the CMRR of the front-end amplifier is required to 66dB to keep the 
common mode signal error less than the quantization error. Using a programmable gain 
amplifier could minimize the quantization error when the voltage signal is small and 
simultaneously provides more detail information in the middle part of the imaged object. 
The imaging reconstruction algorithm actually should identify the needed CMRR of 
the front-end amplifier, which is sensitive to the measurement error. Because this 
common mode voltage is not a random signal, the effect on the computing process cannot 
be removed by signal processing. 
4.2.3 Electric potential of polarization on the receiving electrodes 
The receiving electrodes sense the voltage on the boundary of the imaged object. 
However, at same time, they also generate slowly changing electric potential to the front-
end amplifier due to the chemical reaction between two different contact materials. In 
frequency domain, this slow changing potential includes the frequencies from dc to tens 
of hertz and it is obviously different from the imaging frequency used in the EIT data 
acquisition system, which is from 1 KHz to 2 MHz. For this reason in the principle of 
signal process, it will be easy to be removed from the signal path before the voltage being 
measured. 
The amplitude of polarization potential on the electrodes could be as high as 
hundreds millivolt that depends on the material of electrodes. This large value of potential 
would saturate the signal path easily if no high-pass filtering stage existed. 
The position of the high-pass filtering in the signal path is designed under the 
considerations as: 
1. The high-pass filtering will not affect the input impedance of the front-end 
amplifier. which is crucial to reject the common mode voltage from the signal path. 
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2. The polarized voltage could saturate the amplifier due to its relatively large 
amplitude. Therefore, it must be taken into account at designing the gain of amplifier. 
3. The polarization potential is a high amplitude and slow changed voltage. In the 
frequency domain, this signal is very separated from imaging frequencies. 
4. The RC constant of high-pass filtering stage will dominate the system time 
constant and makes the data acquisition system need longer time for signal settling, which 
will slow down the sampling speed of data acquisition system. 
4.3 Design of Front-End Amplifier 
The structure of the front-end amplifier has many options in the wide band imaging 
system. In the measurement system, the front-end amplifier plays two roles: a) achieve 
the impedance transform from the high impedance signal source to low impedance, b) 
amplify the signal to proper measurable amplitude and improve the signal-to-noise ratio. 
The benefit of using buffer structure is that the circuit can be built into electrode body as 
active electrode without the effect of co-axial cable connection between electrodes and 
front-end amplifier. It means the capacitance effect from the cable and multiplexer will be 
eliminated and it makes the measurement near the ideal situation, as illustrated in Figure 
4.6 
The common mode voltage rejection of op-amp is achieved in the integrated circuit 
manufacturing process using laser trim technique to match the differential signal path. In 
wide band measurement system design, it is a challenge at high frequency band due to the 
complex impedance performance of physical devices. 
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Figure 4 .6 The block diagram of the active electrode configuration 
4.3.1 High CMRR Instrun1ent Amplifier 
Instrument amplifier implemented in a three-op-amp topology is normally used in 
the four-electrode measurement to achieve the signal source impedance tranSfO lll1 . Its 
structure is shown in Figure 4.7. Op-amp AJ and A2 are the di ffe rential ampli fier pair 
served as first stage of instrument amplifier, and A3 transfol1l1s the di ffe rential signal into 
the single end mode. The signals ~ I and ~2' are in di ffe rential mode to the di fferential 
amplifier inputs, and ~c is common mode signal that Vs l and ~ ~ ri de on. Th refore. after 
the di f ferential stage of the instrument amp lifier, the output V Ol and f ~}~ are: 
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Eq4.5 
and 
V ( R3 J Ro = V . 1+- - V . -~ + V 02 52 R 51 R sc 
1 1 
Eq4.6 
In the description of the outputs of first stage, the differential mode voltage i 
amplified by the gain of the amplifier, but the common mode voltage is sti ll kept as the 
input amplitude. As a result, the CMRR of differential amplifier will increase with 
increasing of differential gain. However, in practice when the input gain is high. the 
common mode input voltage affects the bias point on the instrument amplifier ' s input 
transistors, and inherent mismatches in the input circuitry cause changes in the output 
voltage. The CMRR increasing stops at too high gain settings because of these 
mismatching and bias-point changes. 
Figure 4.7 The circuit analysis of instrument ampli fier 
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At the output stage of the differential amplifier, combining the two equations Eq4.5 
and Eq4.6, the op-amp A3 eliminates the common mode voltage V when R- = R) = k 
sc R R 0 
6 .j 
R +R 
and 2 3 = k. R I 
1 
Eq 4.7 
If the differential gain of the instrument amplifier is Ad 
Eq 4.8 
For well-designed instrument amplifier, the output voltage just includes the 
differential mode voltage from the receiving electrode pair. In practice, the mismatch of 
resistor network induces certain amount of common mode voltage into the output signal. 
This common mode error voltage Voc can be described as 
Eq4.9 
If the tolerance of resistors used in the network is u, the maximum common mode gain of 
instrument amplifier will be Acmax in worst case as 
A - l+k . __ . 0 • ( 1 + aJ k (4. a J c max - 0 1 _ a 1 + k 0 1 - a 2 Eq4.10 
I t will approximately equal to 
A ~4·k·a cmax 0 Eq4.11 
when (1- a)2 ~ 1 as a normally quite small. Combining descriptions of Ad in Eq 4.8 
and Acmax in Eq4.11 with definition of the CMRR of the instrument amplifier in Eq4.3, 
the minimum CMRR with the different input stage gain ki and the tolerance of resistor u 
can be worked out as 
1 +k. 
CMRR > 20 .log I 
4·a 
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It is deprived with the assumption of using ideal op-amp. From Eq4. 12. the gam of 
second stage amplifier does not affect the common mode rejection of the whole circuit. 
Table 4 .1 calculates some examples using above analysis. 
Table 4.1 CMRR of Instrumentation Amplifier with different tolerance resistors 
~ Precision of resistors 5% 1% 0.1% 
Input stage 1 20dB 34dB 54dB 
Gain k; 4 28dB 42dB 62dB 
8 33dB 47dB 67dB 
The increasing of CMRR of the instrument amplifier can be derived using hi gh 
precision resistors and larger gain settings on input stage. However, the large input ga in 
setting causes an op-amp to saturate due to the large amplitude of COlnmon mode signal. 
In the case of EIT application, this common mode signal mainly comes from 
polarization potential on the receiving electrodes. To remove the effect of this slow 
changed voltage from front-end amplifier, the high-pass filtering stage has to be used into 
the practical design and the values of resistor and capacitor need to be calculated 
carefully to avoid damaging the common mode rejection and the high input impedance of 
the instrument amplifier. At high imaging frequency, the instrument amplifier circuit 
needs matching not only the resistance of the peripheral components, but also the stray 
capacitance. 
4.3.2 High-pass filtering and the input impedance of the instrunlent 
anlplifier 
71 
Chapter 4 Voltage Measurement 
Front-end amplifier 
c 
Figure 4.8 The front-end amplifier with limit input-impedance Zj and a high-pass filtering 
Figure 4.8 is the equivalent electric circuit of signal input path, in which Zs is the 
summation of source impedance and contact impedance and Zj is the input impedance of 
the amplifier. Resistor R and capacitor C is the high-pass stage to stop the slow varying 
draft voltage. As it is analyzed in section 4.2.1 , the effect of uncertainty due to Z in the 
measurement has to satisfy the condition Eq4.13 if the desired measurement accuracy is 
given as /J, 
1 
Zs +R II Z +--
I jO)C 
< ~ Eq4.13 
in which 0) is the applied current frequency. The cut-off frequency of this high-pass 
filtering OJeu/off is assigned in the system design, which is far less than the applied cunent 
frequency. The value of capacitor C and resistor R are chosen according to 
CR=_1-
OJ l ' CII/O/ 
and the value of R should satisfy the condition: 
Z R > _ s 
~ 
Eq 4.14 
Eq 4.15 
Some cOlrunercially available op-amps are integrated with field -effect transistor 
(FET) as input stage, which can provide input impedance as high as 10 120 with input 
capacitance IpF. As the imaging frequency is less than 1MHz, the op-amp performs with 
large input impedance that makes Eq 4.14 and Eq 4.15 true. However. at hi gh frequency 
the effect of the input capacitance of the op-amp cannot be ignored. Accordingly. the 
input impedance of op-amp decreases with the appli ed current freq uency increa ing. 
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Fortunately, the contact impedance is also a function of frequency and it decrea e 
with increasing imaging frequency. Above RC setting can sti ll be used at the hi ah c 
frequency imaging. 
To maintain the high CMRR of the differential amplifier, the matching of the 
differential signal path is crucial and high precision components have to be chose~ . 
4.3.3 Building of the printed circuit board 
Figure 4.9 The voltage measurement board 
According to the analysis of measurement circuit, the printed circuit board is built 
and tested, as shown in 
Figure 4.9. The signal measurement circuit is layout as one pat1 of the analogue 
module . In EIT hardware system, the multi-channel signals are multiplexed to thi 
differenti al amplifier to achieve the data acquisition task. 
The op-amp, OPA655 (from Bur-Brown, Inc). is chosen as the input tage or the 
instrument amplifier. The OPA655 combines a wideband and \'oltage feedback Op-<lll1P 
with a FET input tage to offe r an ult ra hi gh dynami c range for butTering and lr<111 : -
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impedance. It provides 1012Qj/1.2pF input impedance for the differential mode and 
1012Qj/1.0pF input impedance for the common mode. In addition, it can achieye 70dB 
CMRR and 65dB PSRR. Moreover, the gain bandwidth product is 240MHz. The output 
stage of the instrument amplifier is an OPA620 (from Bur-Brown, Inc), \yhich is 
internally compensated with 300MHz -3dB bandwidth. It has 75dB CMRR and 60dB 
PSRR. All these op-amps are integrated in the small-outline surface mount package to 
ensure better high-speed performance. 
The network resistors are metal film resistors with 0.1 % precision in surface mount 
package 0805. The input stage gain is set at 4 to improve CMRR with the same 
configuration for both input op-amps. The output stage gain is set at 1 to transform the 
differential signal to a single-end signal. The small value adjustable capacitors are used in 
the two differential signal paths to balance the symmetric structure in order to achieve 
better common mode rejection at high imaging frequency. The performance of the first 
stage of the instrument amplifier is not affected by the precision of the network resistors 
theoretically. However, for unifying all boards' parameters to achieve the software 
calibration, high precision resistors are used in whole design. 
In the printed circuit board layout, the tracks are made as short as possible and the 
whole physical board area is kept small to minimize stray effects and interference. The 
power rails to the op-amp power pin are all de-coupled using 2.2~F Tantalum and 0.1 ~F 
ceramic capacitors in parallel. 
4.3.4 CMRR test of the front-end amplifier on the printed circuit board 
The CMRR of the instrument amplifier is measured using the method shown in 
Figure 4.1 O. The common mode voltage Vern is lead to both inputs of the differential 
amplifier and the output of the instrument amplifier is measured as Va. With the designed 
differential gain Ad, the CMRR of the circuit can be calculated as 
CMRR = 20 .10g(Ad . Vo J Eq~.16 
Vc/lI 
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Figure 4.10 The CMRR measurement of the instrumentation ampl ifier 
A programmable function generator (HP4194A) is used to generate wide-band 
common mode signal and the output amplitude is monitored during the measurement by 
the same measurement device. The digital oscilloscope (DSO 1604) is used for vo ltage 
measurement. 
The frequency of the common mode voltage added to the circuit is scanned from 1 
KHz to 10 MHz. The test result of common mode rejection ratio versus signal frequency 
is shown in Figure 4.11. It can be seen that at lower frequency (less than 2MHz), the 
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Figure 4.1 1 The CMRR of the front-end amplifier versus frequency 
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CMRR of the circuit remains over 60dB . However, at the frequency higher than 2MHz. 
the CMRR decreases very sharply. This is due to the stray capacitance and inductance 
effect at radio frequency . 
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Figure 4.12 The 16-channel CMRR of the front-end circuit in wide frequency band 
However, with the common mode voltage added onto the electrode, the CMRR of 
the complete front-end circuit drops dramatically as shown in Figure 4.12. In thi s test, the 
circuit includes the electrodes, the coaxial cable connection and the multiplexer. The 
CMRR among the channels has di fferent performance. It is due to the imbalance of signal 
paths from the electrode to the amplifier interface, which is caused by the co-ax ial cable 
and the multiplexer. The effect of these connections to the system is discussed in deta il in 
Chapter 6 
4.3.5 Conclusions 
The di fferential amplifier is the crucial part in the EIT data acquisit ion sy tern 
des ign. Improvement of common mode rejection of the instrument amp lifi er i discu ed 
by using e lectric circuit analysis. The practical printed circuit board of the tJ'ont-end 
amplifier is a lso implemented and tested in two cases, the instrument amplifier it elf and 
multi-channel e lectrode pairs. The conclusions are: 
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1. The bio-impedance signal to be measured should be treated as a large output 
impedance signal source with a serial connected uncertain contact impedance of the 
electrode. 
2. The high input impedance of the front-end amplifier is necessary for tht: signal 
measurement and can be achieved by using the op-amp with FET as the input stage. 
3. The instrument amplifier can provide the high CMRR due to the typical three-op-
amp structure with the input stage setting at higher gain. However, the matching of 
network resistors around the output amplifier is essential. 
4. The common mode voltage affects the op-amp's bias point at the input transistors. 
Therefore, increasing of the CMRR by increasing of the gain of the differential 
amplifier can cause the op-amp saturation. 
S. The increasing mismatching of the circuit at high frequency makes it difficult to 
achieve high CMRR in a wide frequency bandwidth. The mismatch of the 
connections, such as cables and multiplexers, makes it even worse. 
6. A high-pass filtering stage is needed to remove the polarization potential induced 
by the electrode material. However, it may affect the input impedance of the 
differential amplifier. 
4.4 Programmable Gain Amplifier (PGA) 
In the electrical impedance measurement, the amplitude of the boundary voltage on 
the receiving electrodes depends on not only the electrical characteristic of the object, but 
also the distance from its position to the current injection electrode pair. The shorter the 
distance is, the larger the amplitude of the boundary voltage. The reason is that the 
current distribution is attenuated in 2D plane or 3D space. At the opposite position of the 
current electrodes, the received signal is significantly small. The boundary voltage has a 
dynamic range of more than 40: 1 when considered a 2D circular object with a 32-
electrode adjacent driving and receiving configuration. It makes it necessary to use 
programmable gain amplifier to improve the quality of small signal. especially in terms of 
signal-to-noise ratio. 
4.4.1 Design ojprogramlnable gain amplifier 
The function block diagram of PGA is shown in the Figure ~.13. \Yhen the initial 
measurement is finished, the demodulation result (signal amplitude) is feedback to the 
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comparator network. The comparator network sorts the amplitude of the signal into the 
ladder windows and the outputs of the comparator windows indicate the leyel that the 
amplitude of the signal has reached. This amplitude code is then sent to the logic circuit 
and is encoded into the 4-bit binary format. The logic programme contains all po sible 
corresponding gain control codes, which is applied to the combination of the an1plifier 
group for properly gain settings. This operation is manipulated by the timing control of 
data acquisition system. 
The electronic circuit is shown in Figure 4.14 . The measured voltage is a bipolar 
signal within ±5V dynamic range. After demodulation, the amplitude of the signal is a 
single polar signal in the range from OV to 5V. This amplitude signal is feedback to the 
comparator network. In comparator network, the resistor divider R, to Rs divides the 
range from 0 to 5V into 8 comparator thresholds. The comparators using 5V power rail 
give a 5V output when the input is higher than the threshold voltage ; otherwise, it 
maintains the output at ground potential. The values of these resistors are calculated using 
the designed PGA gain setting. 
Comparator 
network 
DSP timing Encode and 
logic control 
r 
------
--- . ---- ----- -
Vi Gain Signal Vo 
controlled ~ • demodulation 
amplifier 
--------_._--- - ------
Figure 4.13 The function block diagram of Programmable Gain Amplifier 
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Figure 4.14 Designed programmable gain amplifier with two-stage amplifier structure 
The programmable logic chip XC9536 (Xilinx Inc) is used to tran form th 
amplitude information from the comparators output and send out the amplifi er ga in 
control signal. Selecting more gain settings results in more complicated gain and pha c 
calibration. However, in practice, using a programmable logic chip wi II bring ll ex i bi I it )' 
to the system adjustment. The logic chip also sets unity ga in to the ami I ill er \\'hcn 
unreasonable aillplitude code occurs at the output of the comparator ' that corrc 'pond t 
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the occasions when interference or electric spark etc appear The I . hi . 11 d 
. OglC C P IS contro e 
by the system timing. 
The gain settings of the PGA are designed as a two-stage amplifier array. in \\hich 
each of them has three amplifiers having gains of 5 10 and 15 T It· 1 d 
, . wo mu Ip exers are use 
to combine these two stages to form desired gain settings. Unity gain is obtained by 
directly connecting the original signal to the signal path and no op-amp is involved for 
this setting. Table 4.2 shows the relationship between the amplitude feedback and the 
PGA gain setting combination. 
Table 4.2 PGA gain control setting table 
Output of Amplifiers gain Stage 1 comparators control signal Stage 2 PGA gain 
1111111 0000 1 1 1 
0111111 0100 5 1 5 
0011111 1000 10 1 10 
0001111 0001 5 5 25 
0000111 1001 10 5 50 
0000011 1010 10 10 100 
0000001 1110 15 10 150 
0000000 1111 15 15 225 
Actually high gain setting is sensitive to small signal, which is normally mixed with 
noise, interference and dc draft of the analogue circuit. Therefore, the gain decision 
mechanism should have enough tolerance to ensure that the signal passing through the 
PGA does not saturate the op-amp. Furthermore, using high gain setting at high imaging 
frequency is limited by the op-amp's gain-bandwidth product. It will create more signal 
distortion and phase shift. 
Gain selection is based on the demodulated amplitude of the measured voltage. 
However, due to the phase shift of the analogue system, the demodulated signal is the real 
part of the measured voltage. In this case, the PGA may be misled by this untrue signal 
amplitude and apply an unsuitable higher gain setting to a large signal. This problem can 
be solved by phase compensation for the demodulation reference signal. According to 
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this, in practice, the PGA has been designed with adaptive controlled gam setting 
mechanism. 
4.4.2 Timing control of PGA 
The system logic timing control sends two digital signals to PGA and synchronizes 
the measurement function during the data acquisition period, wruch is shown in Figlue 
4.15 . When the system starts the selected channel measurement, the PGA is forced to 
unity gain by the control signal GAIN1 and the voltage signal with basic system gain 
amplification is demodulated to an amplitude signal. This demodulated amplitude signal 
is sent to the analogue-to-digital converter and is feedback to the PGA as wel l. After the 
measurement is finished, the PGA control circuit processes this feedback voltage and 
finds the proper gain setting for the signal path, which wi ll be latched by the control 
signal GAINX until the system finishes measuring amplitude and phase. The gain 
decision mechanism requires extra time for PGA gain finding and this affects the data 
acquisition speed of the system. 
SIN1 SINX COSX1 COSX2 
Vmag 
GAIN1 
GAINX 
Figure 4.15 PGA gains control timing 
f The system also receives the gain setting signals during the quantifi ca tion proce 
t I . h 's used -~or the data recoverv to remove the effec t of d i rrerent measuremen , w llC 1 11 J 
t . It sl-10Llld be noticed that when repeating the mea uremcnt by Ll mg measuremen gam. - '-
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the same driving and receiving pattern, the PGA gain applied to the signal path might be 
different due to random noise on the demodulated amplitude signal. 
4.4.3 The calibration of amplifier for gain error and phase shift 
The amplifier with different gain has different gain error and phase shift as the 
signal frequency changing. This has to be taken into account when large PGA gain is 
applied to the signal path at wide bandwidth measurement. Figure 4.16 shows the 
changing of gain and phase of amplifier verses the gain settings and frequency, which is 
simulated with op-amp OPA620 PSPICE model. In this simulation, the gain is set at 1, 5. 
10 and 15 , and the signal frequency is scanned from 1 kHz to 10MHz. In practice, all 
these effects are measured in the data acquisition system and used for online or offline 
correction in data processing. 
From the simulation, it can be seen that due to the limit of gain-bandwidth product 
of op-amp, the op-amp performs badly at high gain setting and this is the reason why the 
PGA is designed to a two-stage structure. If the imaging frequency is not a pure single 
frequency signal as presumed , some harmonic frequencies of this signal will be given 
Q) 
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Figure 4.16 One stage PGA phase-shift (blue: ga in= 1; ye llow: gain=5; red : 
gain= 10; black: gain= 15) 
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certain phase shift by the carelessly designed signal path and would cau e y tern 
oscillation. 
The data is recovered in online or offline process to their original leye!. Actua lly. 
the real part and imaginary part of the signal are mixed into the signal amplitude and 
phase. Therefore, the recovery of data from PGA should consider both gain and pha e 
shift effect , especially at higher imaging frequency. 
Each stage of the signal path will give phase shift to the output signa l. so the phase 
shift calibration is not only for the PGA but also for the whole signal path . This is 
discussed in the Chapter 8. 
4.4.4 Prototype of PGA circuit and its perforn'l ance 
The PGA circuit is embedded into the amplifier board, which is sealed in the EM C 
metal case to protect the circuit from outside interference. The components of the circuit 
are selected with small outline and surface mount package to improve the radi o ft-eq uency 
performance. 
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Figure 4.17 Signal-to-Noise ratio measu red on a fixed receiving pair wi th 16 pai rs driving 
scanning (Red : SNR without PGA, Blue : SNR with PGA) 
The PGA has perfo1111ed we ll on the signal-to-noise ratio_ a 11 0\\'n in Fi£LIrc -+ .1 
The data is co ll ected around the boundary on the adjacen t recc i\'ing electr ) lJc pair 
confiauration with a fi xed cLltTent injecti on elect rode pa ir. a ill u-trated in 
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Figure 4.18 . It is obvious that the quality of the signal on the .. 1 d reCeIVIng e ectro e 
paIr at the opposite of the current injection electrodes has been improved by the 
application of PGA. This effect will also be shown in more detail in the later sy tern te t 
for whole frame data acquisition. 
1 
1 
Current electrode 
Voltage electrode 
Figure 4.18 The electrode pairs configuration 
4.4.5 Conclusions 
A programmable gain amplifier (PGA) has been used to improve the quality of 
small signal in the design of data acquisition system. The PGA has the abi lity to adapt 
signal amplitude information and apply a suitab le gain to the signal path with 
synchronized timing. 
In this section, an eight-gain-setting PGA from unity to gain 225 is designed as an 
independent function block of the analogue circuit. Due to the limitation of ga in-
bandwidth product of the op-amp, the PGA consists of two-stage amplifier combination 
connected by multiplexers to minimize the gain error and phase shift effect. 
The system timing handles the PGA control signal to make first signal amplitude 
measurement on unity ga in and then by fixing the suitable PGA gain setting for following 
measurements. The system also reads the gain setting signal s for data recover purpo e . 
In addition, the PGA shows the improvement of the quality of ignal with the co t 
of slowing down the speed of data acquisition . 
4.5 Summaries 
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In this chapter, the voltage measurement methodology for electrical impedance 
tomography is discussed and physical circuit design is implemented. The yoltage signal 
on the electrode is treated as high output impedance signal source, and therefore the front-
end amplifier must have a high input impedance and high common mode rejection ability 
for differential measurement. 
To improve the signal quality, the PGA is designed as a part of the analogue circuit 
and it has shown that good performance can be obtained. Using an op-amp with large 
gain setting results in the large gain error and phase shift due to the finite gain-bandwidth 
product. This has been successfully avoided in MK2 design. 
The two function blocks reported have been built into an analogue printed circuit 
board as the voltage measurement unit in the data acquisition system. The performance of 
the circuit has been tested and meets the requirement of image reconstruction. 
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5.1 Introduction 
The variation of bio-impedance reflects the position or shape changes of tissue in 
the measured object corresponding to physiological activity in applied electrical field. 
The bio-impedance is a time-vary signal and is a function of the frequency. The 
frequency range of the bio-impedance variation in human is considered to limit to 50Hz 
so that the bio-impedance signals are amplitude modulated signals with a carrier 
frequency equal to the injected current frequency and have a base bandwidth of 100Hz 
[50]. In a real time imaging system, the data acquisition speed needs to be satisfied to 
display 25-frame per second. For the electrical impedance mammography purpose, it is 
not required, but high speed data acquisition would definitely be helpful to cancel the 
effect of contact problem induced by body activity. 
The demodulation process is the technique to recover the bio-impedance signal to 
their base band frequencies. In the early stage of EIT system design, some approaches for 
measuring the amplitude or the modulus of the impedance like RMS-to-DC conversion 
[59] and peak detection [60] were used for lower frequency imaging in which the phase 
data was not of prime importance because tissues behave almost resistively at low 
frequencies. With the development of the bio-impedance properties research, it has been 
seen that some abnormal tissue shows more imaginary impedance change due to the 
capacitive effect at higher frequencies and this makes it possible to distinguish these 
tissues when using high frequency EIT image, especially for cancer research purpose [75]. 
To extract the information, phase-sensitive demodulation, a synchronous 
demodulation method, can be implemented in analogue circuit or digital signal process 
firmware. Employing reference signal with different phase shift, phase-sensitive 
demodulation can provide both real part and imaginary part of the complex measured 
voltage. 
5.2 Coherent phase sensitive demodulation 
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Coherent demodulation is a widely used phase sensitive demodulation technique. 
which can synchronously provide the real or imaginary part of the measured voltage, 
depending on the phase difference between it and the reference voltage. The refe rence 
voltage has exactly the same frequency as the carrier frequency of the signal being 
measured. Within the wide band ElT system design, the measured voltage is induced by 
the injected current that is generated from a voltage controlled current source (VCCS), 
and so the carrier frequency is programmed in the computer by means of a direct digital 
synthesizer. The reference voltage can use the same digital function as the wave generator 
to maintain a waveform, which is the same as the applied frequency of the current source. 
Coherent demodulation can also be implemented in the digital signal processor 
firmware and embedded in the hardware system. Using digital technologies in the signal 
processing can remove offset and the drift effect of physical device, which is varied with 
environment and temperature changes. Its accuracy of process is depending on the 
accuracy of quantization and computing. 
5.2.1 Principle of coherent demodulation 
The principle of coherent demodulation is illustrated in Figure 5.1. The measured 
Vref(t) 
Low-pass 
filter 
Figure 5.1 Coherent demodulation block diagram 
voltage Vi (t) is multiplied by a reference voltage v,·eJ (t) in phase with the driving signal. 
Provided the measured voltage is 
v: (t) = V . sin (CD . t + <p ) Eq5 .1 
where CD is the imaging frequency, <p is the phase shift due to the tissue's complex 
impedance. The reference voltage is 
V . (t) = A . sin (UJ . t) 
l ei 
Eq 5.2 
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The multiplier output voltage is the product of these two input signals 
A·V 
V, = 2 .[cos(cp)-COS(2ffit+cp)] Eq5.3 
Here A is the magnitude of the reference voltage, and V is the magnitude of the measured 
voltage. After passing the followed low-pass filtering, the final output removes the high-
frequency component that has doubled imaging frequency as 
A·V 
Va = -2-' cos(cp) Eq5.4 
It can be seen that this process gives the dc output that is proportional to the real part 
of the measured voltage. In the same way, if the reference voltage is shifted by 90°, that is, 
ifV"r(t) = A . Sin( (jJ • t + ;), the output voltage will be proportional to the imaginary part 
of measured voltage: 
A·V . ) Va = -2- . sIn(<p Eq 5.5 
Therefore, with different 90° phase-different reference voltage applied to the 
multiplier, the Eq5.3 and Eq5.4 give the real part and imaginary part of measured voltage, 
in which the magnitude of reference voltage A is just a constant value setting in the 
computer software. 
The magnitude of the measured voltage V is also a function of time, and it will vary 
with both body physiological activity and movement. The data acquisition system catches 
a modulated output as tissue impedance on that time point. In addition, from the imaging 
reconstruction point of view, the acquired data set for one frame image should responds 
this vary on all boundary electrodes at same time point. 
5.2.2 Improvement of low-pass filtering for fast data acquisition 
If the demodulated signal is used in continuous monitoring, after a transient time for 
signal settling, the real component or imaginary component of the measured signal is 
available for further processing. 
However, in the EIT data acqUISItIOn system, especially in the serial structure 
machine, multi-channels are multiplexed to the measurement circuit. The frame rate of 
the image display therefore depends on the summation of the data acquisition time of 
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each channel. The low-pass filtering RC time constant occupies relatively large 
percentage of the sampling time of the system. If the tolerance of the voltage being 
charged on the capacitor for sampling is u, the low-pass stage needs at least duration t to 
let the output reach this accuracy, 
t 
e RC < a Eq 5.6 
Or 
t > RC ·In a Eq 5.7 
According to Eq 5.7 the time needed for precise measurement is calculated and 
shown in Table 5.1. It can be seen that the more accurate measurement the longer circuit 
settling time is needed. The cutoff frequency of low-pass filtering/cuto}f, also related to the 
time constant RC, should be lower than the imaging frequency fimage as shown in Eq 5.8: 
1 
fCllloff = 2n. R C < < hmage Eq 5.8 
Table 5.1 Time constant and system measurement accuracy 
Measurement Accuracy Settling Time 
10% 2.303RC 
1% 4.605RC 
0.1% 6.908RC 
In the high-frequency image system design, smaller time constant RC can be 
applied to increase the data acquisition speed. However, for a wide band system, the cut-
off frequency is dominated by the lowest imaging frequency. As a consequence, the data 
acquisition will be extremely slow due to the long settling time. Alternatively, there is 
another solution for removing of high frequency components, using integrator instead of 
low-pass filtering, as shown in Figure 5.2. 
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Figure 5.2 Coherent demodu lation block with integrator replacing low-pass filter 
With integration time T , the equation EqS.3 is integrated as 
A · V () A·V IT Va = . cos rp . T - . cos (20)t + rp }it 
2 2 Eq 5.9 
If the integration time is chosen as the integer times of the signal period, the second 
term of the output voltage will be zero, and therefore the output of the integrator is sti ll 
proportional to the real part of the measured voltage: 
A · V ( Va = . cos <p) . T 
2 
Eq 5.10. 
In the same way , the imaginary paIi of the measured voltage can be obtained as 
A · V () Va = - 2- . sin <p . T Eq 5.11. 
In theory, the integration time can be any integer times of the period of signal. The data 
acquisition time for each channel can be short as single signal period. Consequently, at 
high imaging frequency, it is possible to make the sampling speed fast. However, in 
practice, the integration time should be longer than the minimum demanded to remove 
mixed random noise and interference. In this process some of harmonic frequencies of 
the imaging signal caused by nonlinear devices are also integrated to zero . 
Replacing the low-pass filtering with an integrator minimizes the data acquisition 
time, but the demodulation is no longer a continuous synchronous demodulation. In EIT 
imaging system design, it has to be compensated with fast frame data acqui siti on speed. 
Moreover, if the sampling is fast enough, the image sti ll can respond to the rea l ti me body 
physiological activity and function changes. 
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During each interval of data acquisition time, the integrator should have time to 
discharge the capacitor to zero voltage for the next integration operation. After integration 
is finished, it should be able to keep the integrated result for sampling by an analogue-to-
digital converter. This will delay the data acquisition operation and affect the frame rate 
of display in the image system. 
5.2.3 Effect of dc offset on demodulation 
If a dc offset or a drift voltage is accumulated into the signal to be demodulated, it 
will be mixed into the output real part or imaginary part of the measured voltage by the 
demodulation process to introduce errors to the measurement. Provided the voltage to be 
demodulated Vi (t) has dc component Ds and the reference voltage Vref(t) has dc 
component Dre/, then Eq5.3 becomes 
Vx = A / . [cos (<p)- cos (2eot + <p)] 
+ Ds . A sin (cot)+ Dref' . V sin (cot + <p)+ Ds . Dref' 
Eq 5.12 
After the low-pass filtering, the ac signal is removed, and therefore the output voltage is 
the real part of the measured voltage mixed with an error Ds Dref, that is 
A· V () Va = -2-'cOS <p +Ds . Dref EqS.13 
and the imaginary part of the measured voltage is 
A·V . ( ) V = --'SIn <p +Ds . Dre/, a 2 ' Eq S.14 
The dc component of the input voltage Vi, Ds normally is formed by the op-amp' s 
bias current and offset voltage. The value may be relatively large compared to the 
amplitude of the measured voltage. Fortunately, the weight to generate this error to the 
demodulated dc voltage is limited by the value of dc component Drej in the reference 
voltage, which is usually small due to the high resolution of digital synthesized signal 
source. For the real part of signal demodulation, the signal-to noise ratio can be derived 
from Eq5.13 as 
1 V· cos(qJ) 
SNRreal = 2 . Ds . -D-
ref 
A Eq 5.1S 
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It can be seen that the demodulation output signal-to-noise ratio is dominated by the 
reference voltage signal-to-noise ratio and the demodulated voltage to the original dc 
offset ratio. The signal-to-noise ratio of the reference voltage is well controlled, because 
the magnitude of the reference voltage is at volt level and the dc offset is at millivolt level. 
However, the ratio of the demodulated real part voltage V-cos( rp) to the original signal dc 
offset Ds is unconvinced. If the measured voltage is from the electrode pair near the 
current injection electrodes, the signal-to-noise ratio is large. 
EqS.l6 gives the signal-to-noise ratio in the imaginary part of signal 
demodulation. Normally, the phase shift is relatively small, then V·sin(rp) is small. 
Accordingly, SNRimaginary is small comparing with SNRreal. 
SNR. . =~. V .sin{cp).~ 
Imaglllary 2 D D. 
s ref 
EqS.16 
Other error sources, such as heat noise that is random with zero time-average 
value, will be minimized in the integration operation. In addition, the value of the 
demodulated dc signal is proportionally scaled with integration time and the periodic 
unwanted signals are maintained at the same level. 
In analogue circuit implementation, the multiplier itself will also contribute to the 
dc offset at the output stage and this offset is integrated into the demodulated signal to 
become another error source. In practice, if this offset affects the accuracy of the 
measurement, an external offset adjustment has to be added to remove it. 
Additional offset errors can also be introduced by the amplifier's input bias 
currents. To reduce the bias current, it is necessary to match the impedance of the 
network seen by both inverting and non-inverting input terminals of the amplifier. 
U sing digital implementation of coherent demodulation can minimize the dc offset 
in two aspects. Firstly, the signal used for demodulation can be filtered by digital signal 
processing to remove the effect of the dc offset. Secondly, it can directly use the look-
up table of waveform data as a reference signal for the demodulation purpose and 
consequently no generated dc voltage is included. The accuracy of digital demodulation 
is only depending on the sampling rate, the resolution of the analogue-to-digital 
converter and the accumulated error of processing algorithm. 
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5.2.4 Effect of polarization potential on demodulation 
The polarization potential is a slowly varying signal coming from electric chemical 
reaction between an electrode and the contacted imaging object. In the frequency domain, 
it is separated from the measured voltage that rides on the carrier wave. The value is 
randomly changed and can be of the order of tens to hundreds millivolt depending on the 
contact materials being used. Therefore, this voltage signal has to be removed before it 
saturates the amplifiers in the signal path. Using a high-pass filtering stage can achieve 
this purpose, but also imposes longer time for signal settling. If the polarization potential 
is P, and the time constant of the high-pass filtering is r, then the impact of the 
polarization potential to the signal path can be described as 
t 
V (t ) = P . e --:;- Eq5.17 
Obviously, the amplitude of V (t) attenuates with time t and becomes zero if the 
settling time is long enough. Furthermore, if a nonzero signal exits, it will be amplified by 
the amplifiers cascaded with this high-pass filtering stage. Mixed with the measured 
signal described in Eq5.1, the input signal to the multiplier is 
t 
Vi(t) = V.sin(w·t+lP)+P.e--; Eq5.1S 
Therefore, the output of the multiplier is the product ofEq 5.2 and Eq5.1S, that is 
t A· V --V. = .[cos(cp)-cos(2CDt+cp)]+A.P.e'sin(CDt) 
.\ 2 
Eq5.19 
In Eq5.19, the polarization potential is modulated by the reference voltage signal at 
the carrier frequency. This modulated signal can easily be removed by low-pass filtering, 
which normally forms the last stage of demodulation block. However, for the 
demodulation with integrator as the last stage, this effect cannot be removed from the 
output because it is not a periodic signal. Therefore, the system must be allowed enough 
settling time to minimize the impact and consequently longer sampling time slows do\\ n 
the data acquisition speed. 
After integration, the second term of Eq5.19 is the error source added to the 
demodulated signal. As Eq5.20 shows the error Ne-real(t) with an integration period T 
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starting from arbitrary time t is 
t 
Ne-real = J+T A· P . e -~ sin (0) t )dt Eq5.10 
If the integration time T is considered as integer times of the signal period, the result 
of integrating Eq5.20 will be 
Ne-real = Ap· 2 12 l·(l-e-~).e-~ . [sin(O)t)+0).1·cos(0){)] 
0) ·1 + Eq5.~1 
The time constant r is calculated by the cut -off frequency, which is far smaller than 
the inverse of the imaging frequency 0) or it is roy> > 1, so, the error induced by the 
impact of polarization potential can be simplified as: 
1 ( -~) -~ [ 1 ] Ne-real = Ap· 0). 1-e' . e '. 0).1 sin (0) { )+ cos(O) { ) Eq5.22 
The error is proportional to the magnitude of the polarization voltage, but deceases 
with increasing of imaging frequency. This implies that the higher imaging frequency, the 
smaller the impact of the polarization effect. The error is also attenuated exponentially 
with time and the longer the settling time, the smaller the error. In addition, the large 
high-pass filtering time constant dominates the effect of this impact. All these factors also 
make the data acquisition speed slow. 
According to Eq5.22, if these effects are to be minimized, the carrier part of the 
signal must be forced to equal to zero, that is 
_l-sin(O)t) + cos(O)t) = 0 
0) . 1 Eq5.23 
The impact effect of polarization potential within the integration time will be cancelled 
from the final output of demodulation. To do this, the integration has to start at time 
t = k· 2:. - ~arctan(O). 1) 
0) 0) Eq5.24 
Here k is an arbitrary positive integer. It can be seen that allowing a tiny delay to the 
integration operation will dramatically reduce the effect of polarization potential and 
decrease the settling time for the analogue system. This will improve the data acquisition 
system to achieve the fast sampling rate, especially effective at lower imaging frequencies. 
In the same way, the error in the imaginary part of the measured signal will be 
induced by the reference voltage that has 90° phase shift. Therefore, the error Ne-imaginary is 
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output after the integration operation at arbitrary time point t with integration time T. 
which is set as an integer times of the modulated signal period ot: as 
N,-'m,g,wry = Ap· m' . ;, + 1 -(1- e -~ )- e -~ . [cos(mt) - m· T . sin(mt)] Eq5.25 
with the same condition, the product of imaging frequency and high-pass filtering time 
constant is far larger than one, as rOJ> > 1. Therefore, the error can be simplified as follow 
1 ( -! J -~ [ 1 ] Ne-imaginary = Ap· OJ· 1- e T • e T. OJ. r cos(OJt) - sin(OJt) Eq5.26 
It can be seen that Ne-imaginary has the same property as Ne-realt) in frequency and time 
domains. In addition, Ne-imaginary will be zero, if the integration time starts at 
n 1 ( 1 J t = k . - + - arctan --
0) 0) 0)·1 
Eq5.27 
Here k is an arbitrary positive integer. Therefore, to minimize the error, the integration is 
started after with longer delay. 
5.3 Implementation of analogue coherent demodulation 
Coherent demodulation can be implemented using analogue devices with digital 
timing control. In the electrical impedance tomography system, the reference voltage can 
be generated from the same sine wave synthesizer that feeds the current source. The 
phase related to the measured voltage can be controlled precisely by the software settings. 
The analogue demodulation transforms the signal frequency to the original base band, 
and thereby the sampling rate of the analogue-to-digital converter is reduced. This 
electronic circuit simply includes a multiplier and an integrator, and therefore, it is very 
suitable for low cost applications and distributed system designs. 
5.3.1 Multiplier 
The integrated circuit multiplier chip AD835 (Analog Devices, Inc) is adopted in 
the analogue coherent demodulation design. It is a four-quadrant, voltage-output, 
analogue multiplier fabricated on an advanced, dielectrically isolated, complementary 
bipolar process. In basic mode, it provides the linear product of the X and Y voltage inputs. 
as shown in function block diagram Figure 5.3. 
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X=X -X 1 2 
+ 
XY+Z 
W output 
y=y -y 
1 2 
Figure 5.3 The internal function blocks of a differential input analogue multiplier AD835 
The Zinpu! provides summing to the product of multiplier, which can be used as an 
offset voltage adjustment. The output of the multiplier W output provides the functional 
operation 
Eq5.28 
where the XI , X2 and YI, Y2 are differential input terminals to X and Y inputs. 
Table 5.2 AD835 main parameters (Analog Devices , Inc) 
Parameters Conditions Typical value 
Linearity (Relative Error) T=25°C ±O.5% FS 
Offset voltage T=25°C ±25mV 
Bias current T=25°C <20 ~lA 
Feed through , X X=±1V, Y=OV <-46dB 
Feed through , Y Y=±1V, X=OV <-60d B 
- 3dB Small Signal Bandwidth T=25°C 250MHz 
- O.1dB Gain Flatness Frequency T=25°C 15MHz 
Table 5.2 lists main parameters related to thi s demodulation des ign. The drawback 
of this chip is the large offset voltage , whi ch can be cancelled by means of an adj ustab le 
potentiometer applied to the Z inpul' 
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5.3.2 Integrator 
The integrator is another important part of the demodulation block. Its performance 
directly affects the accuracy of the measured data and the sam l' d fl ' p mg spee 0 rea tllne 
imaging applications. 
c 
R 
~--I + 
V. 
I 
Figure 5.4 The analogue integrator 
The analogue integrator is the circuit that performs the mathematical processes of 
integration, using the charging characteristic of a capacitor. It can be seen that in Figure 
5.4, the instantaneous voltage across it is related to the instantaneous cuo-ent flo w into the 
capacitor by 
Eq5 .29 
where vlO) is the initial value on the capacitor. The voltage across the capacitor is thus 
proportional to the integral of the cuo-ent. Because the capacitor is positioned as a 
feedback element in an op-amp circuit, with the form of a voltage-controlled CUITent 
source, the input voltage v/t) controls the capacitor cuo-ent il t) as given by 
. vi(t) 
l =--
C R 
Eq5 .3 0 
This value of ilt) can then be substituted in Eq5 .29, in which case "J t) i expre ed 
directly in terms of v/t). However since the positive reference terminal o r ,'Jt) is on the 
left , the output voltage is inversed. Note also that the initial vo ltage on th capac itor i the 
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initial output. The net result for the output voltage is then 
EqS.31 
The output voltage is proportional to the integral of the input voltage with presence of the 
inversion sign and the constant _1_. The inversion sign can be adjusted after analogue-to-
RC 
digital conversion in the data processing. However, the constant RC needs to be selected 
carefully to ensure that the integrated output just reaches the largest dynamic range of 
signal path and does not cause the op-amp to saturate. 
The transfer function of this integrator is 
1 H(jro) = ---
jroRC EqS.32 
where OJ is the signal frequency. The amplitude response M(OJ) for the integrator is 
readily determined from the magnitude ofEqS.32 as 
1 M(ro) =--
roRC 
EqS.33 
It is large at low frequencies but decreases as the frequency increases. Therefore, 
this circuit is a true dc integrator and suitable for coherent demodulation uses. 
The op-amp used in the integrator circuits must have very low dc offset voltage and 
bias current. They are the crucial parameters in the circuit design. 
In the MK2 EIT system, op-amp AD861 0 is chosen for the circuit implementation. 
The AD 8610 is a very high precision JFET input amplifier featuring ultra low offset 
voltage and drift, very low input bias current and wide bandwidth, as shown in Table S.3. 
Unlike many JFET amplifiers, the AD8610 input bias current is low over the entire 
operating temperature range. In addition, this op-amp is stable with capacitive loads of 
over 1000pF in non-inverting unity gain mode; much larger capacitive loads can be easily 
driven at higher noise gains without any external compensation. Its outputs slew at 
SOY /J.lS in either inverting or non-inverting gain configurations, and settle to 0.01 % 
accuracy in less than 600ns. All these characteristics make the AD8610 suitable for the 
integrator circuit design. 
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Table 5.3 AD8610 main parameters (from Analog Devices, Inc) 
Parameters Conditions Typical value 
Offset Voltage +25°C<T <+ 125°C 90~V 
Input Bias Current -40°C<T <+85°C +20 pA 
Offset Voltage Drift -40°C<T <+125°C 0 . 5~V/oC 
Voltage Noise Density f=1 kHz 6nV/ J Hz 
Current Noise Density f=1 kHz 5 fAl ..) Hz 
Obviously, the capacitor used in the circuit for integration operation must be a high 
quality capacitor with high insulation resistance to ensure that the leakage cunent on the 
capacitor is in the tolerance. Both capacitors and resistors must also have low temperature 
coefficient. 
5.3.3 Circuit design and control timing 
x>(gj f vin r z HOLD a From output of 0 I- Vo(N) vee w amplifier 
+ 
(/') ------0----7 
Vref 
W I~ 0::: From DDS 
f -vee 
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..-
I-
W 
(/') 
w 
0::: 
Figure 5.5 Illustration of the demodulation block 
The demodulation function block is designed as shown in Figure 5.5. The received 
signal from the electrodes after amplification is sent to the X input of the multi pli er. and 
the reference vo ltage is directly sent to the Y input of the multiplier fro m the DO output. 
The measured signal and the reference signal both ride on identical freq uency. a the\' are 
a ll generated from the same synthesizer. Both these signals are single-end ignal and the 
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other terminals of differential inputs are connected to the ground. A multi-turn 
potentiometer is used to adjust offset voltage of the multiplier in the range of positi\'e to 
negative voltage. Due to the fact that the demodulation on each electrode pair is 
independent from the others, the integrator has to be discharged to zero before the new 
demodulation starts. In addition, after demodulation is finished, the integrator is allowed a 
short time to hold the result for analogue-to-digital conversion and PGA gain adapti\'e 
control process. This is achieved by using two analogue switches (MAX30 1, MAXIM, 
Inc), one for discharging and the other for result holding operation. 
To improve the speed of data acquisition further, two integrators are designed into 
the circuit, one working for integration, the other holding the result and discharging. 
These two integrators should have matched RC constants to provide the same scale 
demodulated signal as Eq5.31 shown. However, in practice, this is difficult to implement. 
Therefore, in MK2 this work is done by a software calibration after data acquisition 
finished. The integration results, of both integrators, are sent to the analogue-to digital 
converter in tum for quantization. 
The demodulation control timing and integrator operation is shown in 
Figure 5.6. Before the data acquisition starts, the integrators are in the discharge state as 
the control signal RESETO=O, which means the integration capacitor is shunted by 
switches. When the signal demodulation starts, the signal and the reference voltage are 
multiplied. The product is sent to integrator O. Integrator 0 will wait a short time Ts for 
analogue settling. This time duration is calculated using the equation Eq5.24 or Eq5.27 
for the real part or the imaginary demodulated part. Then the control sets RESETO= 1 and 
HOLDO=O. Integrator 0 starts integration operation. It will present the integer times the 
period of the carrier wave to cancel high frequencies as a result of the integration result. 
After that, the signal sets HOLDO=l to break the input of integrator 0 and hold the 
integration result for the analogue-to-digital conversion. Once the data sampling is 
finished, integrator 0 is discharged again by the control signal RESETO=O and HOLDO=O. 
When integrator 0 is working on result holding and then discharging, integrator 1 is 
working on another measurement in tum. These operations are carried on until all 
configured channels have been measured. The integration results from the two integrators 
are multiplexed to the analogue-to-digital converter by the control signal INTOUT. When 
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INTOUT=O, the result from· t . 
In egrator ° IS presented and when INTOT= 1. the re ult from 
integrator 1 is presented. 
INTEGRATOR 0 
Figure 5.6 Signal demodulati on operation and contro l timing 
The demodulation output is also used as the gam contro l signal for the 
programmable gain amplifier. Once the measured channel is addressed, the system 
measures the real paI1 of the signal on the receiving electrode pair with the ba ic igna l 
path gain controlled by the system timing, and then set new PG A gain and make real 
measurements. 
The printed circuit board for coherent demodulation design i hovm in Figu re - .7. 
The board is mounted into the mainframe machine. and the RF interrer nee I lati on i 
considered during board layout. 
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Figure 5.7 The modulation board 
5.4 Implementation of digital coherent demodulation 
With the development of digital electronic technologies, more compl ex signal 
processing algorithms have been used in the electronic data acquisition system. Us ing 
high-resolution analogue-to-digital conversion techniques, the ori ginal analogue signal 
can be transformed into the digital format. This minimizes the effects of imperfect 
parameters of physical devices such as drift voltage, bias current and temperature 
concerned variations. In addition, the data transmission using digital techniques also 
reduces the design difficulties in terms of amplitude attenuation, phase shifting and 
interference. 
Digital implementation of demodulation is based on the digitalized signal by means 
of the analogue-to-digital convelier. The accuracy of the demodulation algoritl1l11 is 
dominated by the converter resolution and the algorithm computing error. 
The measured signal from the receiving electrode pair is a physiological varyIng 
signal riding on the carrier wave that is applied at imaging frequency. Therefore. in the 
frequency domain, it is a narrow band signal. If it is measured in relative ly short period. it 
could be treated as constant signal riding on the carrier. 
With sampling interval T, the analogue signal vi (t) = V· sin(CD' t +~) .is conve li d 
into di gita l format as 
0) 
Vs = I Vi . sin (nCD T + ~) . 8(t - 17 T) Eq5.:-+ 
II =-Cf.) 
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Here 8(t) is a unit impulse function and n is an arbitrary integer. In the Fourier transform. 
it is the convolution of two functions in the frequency domain as 
Eq5.35 
H 21t. h ere 0\ = T IS t e sampling frequency in radians/second and k is arbitrary integer. It 
can be seen that the measured signal is modulated by the sampling frequency. 
When (0 s > 2(0, the Nyquist condition is satisfied and the sampled digital signal can 
be recovered to the original analogue signal after low-pass filtering. In the demodulation 
process, two signal data sets are multiplied in software operation, following the same 
principle as it does in the analogue demodulation. The reference voltage is actually a 
lookup table generated from computing and stored in the memory. 
However, when (Os < 2(0, the sampled digital signal is aliased, and the lower 
frequency signal is represented as 
Va{t) = V . sin [{(Os -(O).t-cp] Eq5.36 
If proper low-pass filtering is applied, the signal is shifted to a lower frequency by the 
sampling frequency and the result is still the same amplitude and phase information as 
before. This solution can be found in the normal narrow band DSP algorithm. 
If the lookup table as demodulation reference is calculated at frequency (0 - (0 s ' 
using the coherent demodulation method the real and imaginary part of measured signal 
can still be obtained. However, for high imaging frequency data acquisition uses, the 
sampling frequency is reduced and this makes it possible to use low sampling rate 
analogue-to-digital conversion. 
1 k+N 
V = - L v(n)· vref(n) 
N l1=k 
Eq5.37 
Eq5.37 is used for demodulation of real or imaginary part of the measured signals, 
in which N is the sample number in integer times period of the signal. The front 0 to k-l 
samples are discarded due to the signal settling. 
In practice, the considerations on the implementation include quantization of the 
output samples. linearity, the need for sample-and-hold circuits, and limitations on the 
sampling rate. In addition, the analogue-to-digital converter needs to be accompanied 
with a high-speed digital signal processor for further computing processing and. Using a 
103 
Chapter 5 Demodulation 
lower sampling rate converter can dramatically reduce the cost of the data acquisition 
system. 
Obviously digital implementation of coherent demodulation does not need the real 
reference voltage, and the problem caused by the dc drift and offset on the measured 
signal is completely removed. 
5.5 Summary 
In this chapter, the coherent demodulation method has been discussed and the 
implementation by analogue and digital techniques is described. With two 90° phase-
different reference voltages that are at the same frequency as carrier is, the real and 
imaginary part of the measured signal can be demodulated. 
Using low-pass filtering to separate the biomedical signal is common process and 
provides a continuous output, which is suitable for physiological monitoring purpose. 
However, in the EIT data acquisition system, because the signal measurements are 
multiplexed among the receiving electrode combinations, it is not acceptable to take long 
time to let signal settling, from the real time imaging or physiological measurement 
points of view. In EIT practice, the integrator is used to replace the low-pass filtering for 
removing high frequency component. In theory, the integration time can be as short as 
one period of the signal and this makes the data acquisition much faster. 
The effect of dc offset to the demodulation is minimized by the high quality of 
reference voltage, but for the imaginary part demodulation, it should be taken into 
account that the imaginary part of voltage is extremely small due to small phase shift 
induced by the bio-impedance. 
Polarization potentials must be removed from signal path because of their large and 
random amplitude, and then the high-pass filtering has to be adopted. However. the high-
pass filtering stage RC time constant does apply side effect on the integration results. By 
choosing a proper starting time for integration, the impact can be minimized. 
This phase sensitive demodulation technique is implemented in analogue circuit 
technology with integrated circuit multiplier in MK2 data acquisition system. To increase 
the data acquisition speed, two integrators are used in tum, as one is integrating. the other 
is holding the result and discharging. 
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A scheme for digital demodulation, based on high resolution, high sampling rate 
analogue-to-digital converter and high perfonnance digital signal processor is also 
presented. Because the measured signal is a narrow band signal, it makes it possible to 
use a sampling frequency lower than Nyquist rate to demodulate the real and imaginary 
part of the measured signal. 
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6.1 Introduction 
The electrical impedance tomography is a computer aided imaging technology. 
which collects boundary voltages from the surface electrodes to reconstruct the internal 
impedance distribution. The boundary voltage is generated when an ac current is injected 
into the imaged object, and with constant current, this voltage is proportional to the 
transfer impedance if this measurement is treated as a two-port electric network. However. 
as the low frequency current is very "soft", the injected current disperses all around the 
field and does not display a planar propagation property. Impedance change in the 
medium of interest affects the current field distribution in all directions within the volume. 
Even with this imperfect situation the capability of extracting useful data, though 
impaired is still considered practical. Therefore, the accurate measurement of the voltages 
on the boundary are very important in order to recover the inside impedance distribution 
as well as possible. The impedance distribution is solved from the boundary conditions by 
formulating an inverse problem for solution. 
The resolution of the impedance image reconstruction depends on the number of 
independent data being measured on the surface of the object, and applying the four-
electrode method, it will rely on the number of electrodes and the measurement strategy 
adopted in the data acquisition. However, the number of electrodes mounted on the 
surface of the imaged object is limited by the size of the electrode and the difficulties of 
the contact to the surface. Therefore, the quality of the reconstructed image is poor when 
considered for potential clinical applications. To overcome the problems previously 
encountered, proper data acquisition strategy is very important in the EIT system design. 
The data acquisition system collects the voltage signals on all possible combinations 
of electrodes at the same time or in sequence depending on the hard\\are resources. 
Obviously, real time imaging is essential for monitoring physiological phenomena and 
activities in body rhythm. Here real time means that imaging should be at least 25 frames 
per second for continuous display of the image. However for the electrical impedance 
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mammography purpose, real time is not strictly required, even though the data acquisition 
still need to be at a fast rate to avoid physiological effects. 
According to the clinical research [8], abnormal breast tissue has larger admittance 
than the normal tissue has due to the shape and status change of the cell in the 
pathological conditions, especially at high frequency around 1 MHz. Therefore, there is a 
need to extend the bandwidth of existing EIT systems to cover this frequency range. Of 
course, high measurement accuracy is essential. This improvement and migration of EIT 
system from single frequency to wide band measurement introduces many problems in 
term of the hardware structure, layout, and solving or minimizing radio frequency 
problems during the physical implementation. 
Considering the analogue circuit tolerance and the measurement methodology 
demand, the system timing is organized into a programmable logic device to ensure it can 
be modified for any purpose of experiments during the research and clinical trial. In 
addition, the firmware design should be flexible to suit applying any possible electrode 
combinations and configurations for imaging reconstruction algorithm development. 
The system hardware should be suitable for potential future technology updates, and 
therefore to be designed as a development platform for software test with a suitable 
electrode lead interface to fit both saline phantom test and clinical research. 
6.2 Structure of EIT data acquisition system 
The data acquisition system design of electrical impedance tomography is focused 
on achieving high accuracy, fast speed and wide frequency bandwidth. According to 
whether the multi-channel data acquisition is multiplex operated or not, the hardware 
system is divided into parallel and serial system structure catalogues. The parallel 
structure system uses fixed current driving and voltage receiving circuit on each electrode 
combination pairs. It measures all the boundary voltages at the same time when an 
injection current is applied onto a driving electrode pair. The parallel structure system 
provides full speed of the data acquisition, and makes it possible to put the measurement 
circuit near the electrode amounting space. It significantly benefits the high frequency 
performance of the analogue circuit due to shorter cabling connection. Parallel system 
operation is used in most of real time imaging systems with 16 or 32 electrodes 
configuration for physiological monitoring purpose. 
107 
Chapter 6 System Structure and System Timing 
As discussed earlier, the resolution of EIT is limited by the number of electrodes 
involved into the data acquisition; however increasing the number of electrodes to 
improve the quality of image is difficult in practical system due to cost, manufacturing 
and difficulty of calibration. Therefore, the serial structure system using multiplexer to 
address multi-channels in tum is still a practical choice. 
In addition, with the development of integrated circuit manufacturing, complex and 
high-speed circuits can now be built into a single small outline package . It makes it 
possible to integrate the current generation or measurement circuit into the electrode to 
form an active electrode. Using active electrodes cancels the need for coaxial cable 
connection and makes fundamental improvements to high frequency Image 
reconstruction. 
6.2.1 Serial structure EIT system 
M M U U ~lJ/ x x ~ ~ ~ ~ 
~ M DIFFERENTIAL U AMPLIFIER M X 
U 
X 
MUX OUTPUTS CONNECT TO 
ELECTRODES BY COAXIAL CABLE 
Figure 6.11 1lustration of serial Structure EIT System 
In serial structure EIT data acquisition system, all electrode combinations share one 
current sow'ce and one voltage measurement circuit. The system diagram is shown in 
F igure 6. 1. The electrodes and measurement instrument is connected by mean of coax ial 
cable. Due to the low data acquisition speed, the serial structure cannot be used in the rea l 
time system, and sutlers the problem of naITOW bandwidth . Ho\\'e\'er. for mammography 
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(cancer detection) purposes, the abnormal breast tissue's pathological condition is in a 
stable process, without strong disturbance from other physiological rhythms, such as 
blood flow and breathing. Therefore, the real time imaging is not a necessary demand in 
the data acquisition system design for ElM. The difficulties are focused on producing a 
wide band measurement and data accuracy. 
The measurement model of the EIT system is shown in Figure 6.2 in which, the 
coaxial cable and multiplexer are described with their equivalent electric circuits. As 
discussed in the measurement circuit design, the common-mode signal rejection ability of 
the measurement circuit depends on the matching of the differential signal input 
paths to the front-end amplifier. In addition, the input impedance of the front-end 
amplifier has to be large enough to constrain the effect of the high output impedance 
signal and the contact impedance of electrodes. However, as the signal passing through 
the multiplexers and coaxial cable connections, the performance of the designed circuit 
can be seriously degraded by stray capacitance and the on-resistance of these components, 
especially at high frequencies. 
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Figure 6.2 The measurement model of EIT system 
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6.2.2 Multiplexer performance 
The multiplexer consists of field-effect transistors (FET). Basically the FET switch 
is a bi-directional device, and therefore signals can go either way through it. In the EIT 
data acquisition system, the multiplexer devices can be used either as de-multiplexing for 
current injection or as multiplexing for voltage channel measurements . 
In the low frequency imaging data acquisition applications, the multiplexer on-
resistance, which varies over the input signal swing, is a significant factor. Normally it 
induces undesired non-linearity to the measurement. However, as it is discussed in the 
current source and the front-end amplifier design, this effect can be minimized by high 
output impedance of current source and high input impedance of front-end amplifier. 
At high imaging frequency , the limitation of the multiplexer appears due to the 
combination of substrate and stray capacitances which fonns low-pass filtering to vo ltage 
signal or feed-through effect to current injection. The simplified equivalent electric circuit 
model of the multiplexer is shown in Figure 6.3 , in which Cin is the input capacitance; 
Ccom is the output capacitance; and Ron is the on-resistance. The typical values of these 
parameters from commercial products are shown in Table 6. 1. 
Ron 
IN 
I 
~ I OUT 
--L C com I C in I 
-
Figure 6.3 The simplified equivalent electric circuit model of the multiplexer 
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Table 6.1 Key parameters of main commercial multiplexers 
Product MUX Manufacture Gin Ron G com 
MM74HC4051 8x1 90pF 
4052 4x2 Fairchild 1SpF 30±SO 4SpF 
4053 2x4 30pF 
MAX4581 8x1 2SpF 
4582 4x2 MAXIM 4pF SO±10 17pF 
4583 2x4 12.SpF 
MAX308 8x1 37pF 
MAX309 
MAXIM 3pF 60±1.S0 
4x2 2SpF 
ADG408 8x1 S4pF 
ADG409 4x2 
Analog Devices 11 pF 40±1S0 
34pF 
MAX306 16x1 140pF 
MAX307 
MAXIM 8pF 60±1.S0 
8x2 70pF 
ADG406 16x1 60pF 
ADG407 
Analog Devices SpF 80±40 
8x2 40pF 
When a multiplexer is used in the current injection, the output impedance of the 
current source is degraded by the stray capacitance of the multiplexer, which is parallel 
connected to the output impedance of the current source as shown in Figure 6.4. This 
situation becomes worse as imaging frequency increasing. In the same way, when a 
multiplexer is connected to the front-end amplifier for measurement channel selected, the 
input impedance of the differential amplifier is also degraded by the stray capacitance of 
the multiplexer. 
Obviously, FETs with lower on-resistance tend to have larger capacitance . The 
choice of multiplexer is a trade-off between the on-resistance and the stray capacitance . 
In addition, it should be mentioned that much of the bandwidth lose is due to the 
protection components, for example, current limiting series resistance and capac itance of 
clamping diodes . A higher-speed switch is achievable by eliminating some of these 
protect ions. However, because an over range signal would easily destroy the gate 
isolation of CMOS transistor, the amplitude of input signal has to be considered careful I . 
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1+ 
Ccom 
Ccom 
1-
Figure 6.4 The output impedance of a current source degraded by the 
stray capacitance of a multiplexer 
Figure 6.5 shows the performance of the multiplexer over a frequency range from 
10k to 1 OOMHz. The simulation circuit used is shown in Figure 6.6, in which multip lexer 
ADG406 (Analog Devices, Inc) is tested with constant cunent source and the load 
impedance changed from 1000 to 20000 by a step of 1000. It can be seen that with 
20000 loading impedance, 1 % accuracy is maintained over a bandwidth of about 100 
kHz. 
1 . OmA_.---* -~~~--
OAl---~-----1----~----t---------~~~~~~ lOMH: lorr'lH: 1 . OMH: lOKH:c lOOK H: 
0 0 \1 0 + Av . -I(Rl) 
trequen cy 
Figure 6.5 The multiplexer performance: current versus frequency (load ing is 
changed from 2000 0 to 20000 · by a step of 2000) 
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5V 
-5V _ 
l l 
eLK 
Figure 6.6 The simulation circuit of the connection of the multiplexer for PSPICE 
According to Table 6.2, the roll-off of frequency response of the multiplexer is 
mainly introduced by the common output capacitance, which increases as the number of 
switches in the multiplexer increasing. The bandwidth of the measurement system can be 
improved by using cascaded mUltiplexers instead of multi-inputs multiplexer. However, 
care needs to be taken when using cascaded switches, as the on line resistors will be 
increased. 
6.2.3 The coaxial cable effects 
Coaxial cable is used as signal transmission lines for current injection and voltage 
collection. The measured object is by the side of the measurement system, and relatively 
long cable connections are needed between the mainframe machine and electrodes 
mounted on the surface of the object, whether the system has a parallel or serial structure. 
The coaxial cable used normally has a characteristic impedance of 50n . In addition, the 
high frequency signal path is impedance matched during the design procedure to ensure 
the minimum reflection and oscillation of signal occurs. 
6.2.3.1 Capacitance of coaxial cable 
Coaxial cable has the advantage of being completely shielded, i.e ., there is no 
radiation or pickup of external signals. It is necessary for the multi -channel EIT system to 
eliminate the cross talk between channels. 
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11 
'\..J R1 
Figure 6.7 PSPICE model of the coaxial cable 
However, coaxial cable has capacitance between the centre conductor and the shield 
conductor surrounding it. According to the manufacture ' s datasheet, the capac itance of 
the cable is about 30pF/foot (RG 174U). The effect on the constant current transmission 
can be simulated by the PSPICE circuit shown in Figure 6.7. Coaxial cable RG 174U is 
used in the simulation, which has characteristic impedance son for RF signal 
transmission. The constant current source is set at 1 mA amplitude and the load 
l.OM~-----'--~--IF~~~~~~~~-----------r------------1 
O . 5M~----~------~------------~~~~~~~~------------~ 
10K Hz lOOKH: 1 . OHH : lOi1H: lOOtIH: 
o 0 <J 0 + A Y * - I ( Rl) 
Frequency 
Figure 6.8 The simulation result of coaxial cable (loading is changed from 2000 
20000 . by a step of 2000) 
to 
impedance is at the designed maximum 2000n. Figure 6.8 shows the shunt effect a the 
cable capac itance increases with frequency increasing. It can be seen that for 10/0 
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accuracy of constant current transmission, the highest frequency of cunent pa Sll1g 
through a 1 meter length of cable is 127.8 kHz. Furthennore, the capacitance of the cable 
also induces phase shift to the applied cunent. Any unmatched cable length O\Oer all 
configured channels will be an error source to the detected phase infonnation . For the e 
reasons, in practice, the length of cable should be kept as short as possible and must be 
matched and fixed. 
Besides, when more electrodes are mounted on the surface of the imaged object. the 
situation is made worse and the four-electrode measurement method will not be achieved 
in it basic physical principle. 
6.2.3.2 Guard shield of coaxial cable 
The effect of the coaxial cable capacitance can be minimized by applying the same 
amplitude voltage to the shield conductor by means of shield driver amplifier , as shown 
in Figure 6.9. The performance is shown in Figure 6.10, as a simulation result using 
PSPICE. The models of electric devices in the simulation are RG 174U coaxial cable and 
T1 / () \ 
J 7 
11 V1 
rv 
. 
5Vdc 
-
R 2 R 1 
- -l 
-
I'- U1 
-!=- 3 ~ 6 
2 V OPA620 
'f 
-==--
V2 
' 1 5Vdc 
Figure 609 The coaxial cable with shield driver amplifier for PSPICE 
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l OMr------r------t-----------~~-----------+~'~· ~~-----J 
5Mt-----~------t_----~----~,-----~-----+~~U-~~----J 
OA.~----~------~----~----~------~-----+--~~~~~ 
1 0KHz 1 00 KHz 1 . OM Hz 10MHz lr)OMH: 
o 0 v 0 + A Y • - I (R1) 
Frequen cy 
Figure 6.10 The simulation result of the coaxial cable with shield driver amplifier 
(loading is changed from 200Q 0 to 2000Q . by a step of 200Q) 
OP A620 op-amp, which are from the Orcad simulation package. According to the 
simulation result, to achieve 1 % accuracy constant current transmission to the load over 
one meter long coaxial cable, the highest frequency of current can extend to 1.3 16MHz. 
However, over this frequency range, the performance is degraded by the phase shi ft 
between the cable and the op-amp. 
In the high-resolution EIT data acquisition system, the number of electrodes is large 
and the cost of guard shields to all cable goes up dramatically due to the double-shielded 
coaxial cable needed in practice. 
The outer shield is grounded at the input end in the normal manner, and serves as an 
electromagnetic-interference suppression shield. 
6.2.4 The performance of nlultiplexer and coaxial cable path 
In EIT system design, the current is injected from the current source to the imaged 
object by means of multiplexer and coaxial cable path. The comprehensive effect is 
becon1ing even worse as simulation results shown in Figure 6. 12. The simulation 
circuitry is displayed in Figure 6.11. The roll-off frequency at 1 % accuracy constant 
cun-ent is just at 61.2 kHz. This simulation is taken on the multiplexer chip ADG406 and 
coaxial cable RG 174U PSPICE mode. The length of coaxial cable is still set at 1 meter. 
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Figure 6.11 The simulation circuitry with the multiplexer and the coa xial cable 
O . 5mA+--------------4----------~~4r~~~~--~-+------------~ 
10KH z 100KH z 1 . 0NHz 
1 O~IH z 100t1H: 
o 0 v O . A Y , -I (R2) 
Frequency 
Figure 6.12 The performance of the multiplexer and the coaxial cable path 
(loading is changed from 2000 0 to 20000 · by a step of 2000) 
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6.2.5 Conclusion of signal transmission 
Table 6.2 gives the roll-off point of performance of transmission that is abstracted 
from above simulations. It also provides the voltage signal bandwidth from the same 
simulation circuitry as of constant current transmission simulation. The bandwidth is 
given as the signal kept as 1 % accuracy of its original value. Obviously, the voltage 
transmission has relatively large bandwidth than of the current signal transmission. This 
result reminds that in the EIT system design, it is necessary to avoid the constant current 
using multiplexer and long cable connection to the electrodes, or say, put the cunent 
source to the object to be imaged as near as it can. 
Table 6.2 The non-attenuation frequency bandwidth (1 % accuracy) of device In the signal 
transmission path 
Device Multiplex Coaxial cable Multiplex+cable Cable with 
screen driving 
Voltage RI=2KD 10.325M 4.4367M 2.2316M >100M 
signal 
RI=2MD transmission 10.000M 4.4367M 2.1168M >100M 
Current RI=2KD 
signal 100.00K 127.786K 61 .240K 1.3160M 
transmission 
6.2.6 Active electrode 
According to the previous discussion, the imaging frequency bandwidth of EIT data 
acquisition system is limited by the multiplexer and coaxial cable. The application of 
these devices reduces the output impedance of the current source and the input impedance 
of the front-end amplifier. Moreover, the situation becomes worse when more electrodes 
are applied, especially in the 3-dimenstional EIT measurement system proposed. 
A suggested system for wide bandwidth multi-channel electrical impedance 
measurement has been shown in Figure 4.6, which overcomes the effect of cable and 
mUltiplexer. In the diagram, each electrode is connected to a cunent source and a vo ltage 
butTer ampli fier so that it can be used to either app lying con tant cllnent or en ll1g 
11 9 
Chapter 6 System Structure and System Timing 
voltage on the boundary. If these circuits are small enough to be built into the body of 
electrode, it forms the so-called active electrode as discussed in Chapter 3 and Chapter 4. 
As a current injection electrode, the output impedance is the value of output impedance of 
the current source originally designed. As a receiving electrode, the buffer amplifier on 
the electrode gives an impedance transformation from the high output impedance signal 
to the low output impedance signal. 
Using discrete electronic components in the design, it is impossible to fit the active 
electrode into the space around the surface of the imaged object. In addition, from a high-
density active electrode array manufacturing point of view, the mechanical difficulty is 
much higher than the electronic demand. Moreover, the power consumption is also a 
problem that needs to be considered. Advanced integrated circuit process technique 
appears to be the route to minimize the circuit outline and wiring connection. In chapter 3 
and Chapter 4, the possibility of circuit implementation has already been discussed in 
detail. 
6.3 Measurement strategy 
The electrical impedance tomography data acquisition system adopts the four-
electrode measurement method, which applies current to the object and collects boundary 
voltage on each electrode pair. The measurement should be able to provide enough 
independent data using the limited number of surface electrodes. In addition, the 
configuration of current injection and boundary voltage collection should reflect the 
change of current field to the internal impedance change efficiently and accurately. The 
hardware system design is prepared in the consideration of applying any suitable 
measurement strategy. In MK2 EIT system, the neighbouring method, cross method and 
opposite method are applied in the data acquisition research by means of software 
settings. 
6.3.1 Neighbouring method 
Figure 6.13 illustrates the application of this method for a cylindrical volume with 
16 equally spaced electrodes, in which the current is applied through neighbouring 
electrodes and the voltage is measured successively from all other adjacent electrode 
pairs. The current is first injected through electrodes pair i. and definitely. the highest 
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current density is located in the area between these electrodes and then decreasing rapid ly 
as a function of distance and internal conductivity. The boundary vo ltage measurement 
are achieved on all of the remaining neighbouring electrodes pairs. and there are 13 
independently available on each current injection. With 16 current injection pairs. there 
are 208 measurements in total in a frame data set. With reference to two-port electric 
network theory, because of reciprocity of those measurements in which the current 
electrodes and voltage electrodes are interchanged yield identical measurement results. 
Therefore, for a 16 electrodes system, one frame data set can provide 104 independent 
measurements. 
! 
~ o 
Figure 6.13 The neighbouring measurement method 
In the neighbouring method, the measured voltage is at a maximum for adj acent 
electrode pairs. With opposite electrode pairs, the voltage is only about 2. 5% of that. The 
neighbouring method is suitable for detection on the area located at 113 diameter place in 
the object. 
6.3.2 Cross ntethod 
A uniform current distribution is obtained when the current is inj ected between a 
pair of more distant electrodes. The cross method is illustrated in Figure 6. 14. In this 
method, the ClUTent injection mode is gradually changed from adjacent drivi ng. and 
1 d 182 1ents are avail ab le. makes more measurements. With a 16-e ectro e measuren 
However, there are only 104 independent measurements among them. 
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Figure 6.14 The cross measurement method 
6.3.3 Opposite method 
Another alternative impedance measurement is the opposite method, illustrated in 
Figure 6.15. In this method, current is injected through two diametrically opposed 
electrodes. The electrode adjacent to the current injecting electrode is used as the vo ltage 
reference. Voltage is measured from all other electrodes except from the current 
electrodes, yielding 13 voltage measurements. When 16 electrodes are used, the opposite 
method yields 104 data points. 
\-~--J V1 V ' ~ 
0 
" 
/ 
( I) 0 ( 
- -\ 0 ~ ....... 0 
~ /' 0 
V ~, I 0 
Figure 6.15 Opposite measurement method 
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6.3.4 Explanation of measurement on mathematics and physics 
The measurement methods, based on the four-electrode measurement principle. are 
linear combinations of independent measurements. As it is assumed that the measured 
object is a linear system, the measured voltages using different current driving methods 
are linear-related, and one voltage set can be calculated from another vo ltage set in 
superposition. Therefore, in mathematics, the neighbouring method, the cross method or 
the opposite method does not add extra information for imaging reconstruction. 
As Figure 6.16A illustrates, the measured voltage on one electrode pair (m, n) with 
current drive on an arbitrary electrode pair (i, j) is equal to the sum of voltages measured 
on same electrode pair, but with current injecting pair shift from (i , i+ 1) to 0-1, j). In an 
equation, it can be described as 
i -i 
V ( II/ ,II ) / l ei ,)) = I V ( II/ ,II ) / / (/,/+ \ ) 
1=; 
Eq6. 1 
where 1(1. 1+1) represents the current driving electrode pair position, I is an integer. 
I. li+1 ~'-l ' k 
Vn rY ~ v ' ~ Vn n'i f1" t ~ ~ + " .. + ~ ~ .:.\ ~ ~ ... 11 J-
~<'Ij ~<" ~ , ,~ ~, Ij 
Vm Vm 
Vm 
A 
I. I. 
I. 
~  ~k~ ,, '~l~ ~~ ~ V Vn ~ .... .... n,.. fI' 
i~) , J + ." + ~ ~ Vn_1 ~ ... ~ , ~\' Ij ' ----,-- ' I j 
Vm+1 Vm 
V 
Vm 
m 
B 
FigLU"e 6. 16 The boundary voltage measurement is satisfi ed superposition principle 
It can also be described as the sum of measurements on electrode pair shi fted from 
m to n, as Figure 6. 16B shown 
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11-\ 
~m,II)/ /(i,)) = L ~k,k+\)/ /(i,)) 
k=m 
Eq6.2 
where V(k, k+l) represents the measured voltage on the adjacent electrode pair, and k is an 
integer. 
Combining equation Eq6.1 and Eq6.2, that is 
)-\ 11-\ 
~m,II)/ /(i,j) = L L ~k,k+1)/ /(1,1+1) 
l=i k=m 
Eq6.3 
It can be seen clearly that the superposition results of adjacent driving and adjacent 
receiving method forms other measurement methods. 
Alternatively, from data processing point of view, the other measurement methods 
could be treated as smoothing filtering result of data set measured with neighbouring 
electrode current driving/receiving method. The cross method and opposite method can 
provide data set in less dynamic range. Therefore, the data set is more suitable for static 
image reconstruction, which reflects the absolute impedance distribution inside the object. 
The neighbouring method is sensitive to the change in the local area where the 
measuring electrode pair is located. The more electrodes, the more detailed current field 
changes get. Moreover, with the application of a programmable gain amplifier, even 
small changes at the far side electrode pair can be accurately measured with high signal-
to-noise ratio, which makes it possible to achieve high quality reconstructed image using 
back projection method. 
The static image provides the absolute impedance distribution in the imaged object. 
The impedance change in the image represents shape change of body organ with 
physiological rhythm or abnormal change of the tissue under pathological conditions. 
However, in practice, due to the poor resolution of the reconstructed image, the obtained 
impedance information is distorted by the error and is difficult to be used in the desired 
applications. 
The back projection image reconstruction algorithm based on differential changes 
on the boundary, emphasizes the impedance change inside the imaged object, and puts 
the position and amplitude information into second place. Therefore, this kind of image 
just indicates abnormal changes that happen without information of the property changes. 
Due to the sensitivity of the bioelectrical impedance, this dynamic image could be used in 
the early diagnosis of abnormal tissue and long term physiological trend monitoring. 
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are 
In the electrical impedance mammography research, these measurement method 
all available by means of software setting. Therefore, the designed MK2 data 
acquisition system is suitable for static and dynamic image reconstruction research. 
6.4 System configuration 
The MK2 data acquisition system is configured as 16 current injection channels. 
which apply differential current injection mode to the desired driving electrode pair, and 
16 differential voltage measurement channels, which multiplex the boundary voltage 
signal to the front-end amplifier. 
A 1 Compound eledtrode 
Standby electrode 
~ 
-., 
...... \ 
\ ~ 
........ ---
",-, " ~.? < ..... 
I' ,~ ,, \ 
r- I \· \ 
B 1 
1 
Current electrode 
Voltage electrode 
Figure 6.17 16 differential current channels and 16 differenti al voltage measurement channels in 
the MK2 system 
A) 16 compound electrodes configuration B) 16 current electrodes and 16 voltage electrodes 
interlaced configuration 
These 16 cunent inj ection cha1U1els and 16 voltage measurement channe ls can 
C01U1ect to compound electrode connections shown in Figure 6. 17 A. The compound 
electrodes inj ect current to the object or take vo ltage measurement fro m the objec t 
depending on the digital addressing. Using discussed measurement methods, all electrode 
combinations can provide 104 independent measurements, and the co ll ected data set i 
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sent to computer system for image reconstruction using back projection algorithm. In 
practice, the dependent measurement data set can be used as calibration reference. 
The current injection channels and voltage measurement channels can connect to the 
interlaced 32 electrodes configuration shown in Figure 6.17B. The electrodes just take 
one duty on either current injection or voltage measurement. With all possible electrode 
combinations, this electrode arrangement can provide 256 independent measurements, 
which can be used as a high resolution imaging reconstruction platform. However, due to 
the shift of current electrodes to voltage electrodes, the reconstructed image is distorted 
slightly. 
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Figure 6.18 The whole system control timing and measurement sequence generated by digital 
control circuit 
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Figure 6.18 illustrates the control diagram of the system configuration. The 
measurement strategy is achieved with addressing the channel control multipl exers by 
digital logic combination. 
The system can also be configured in electrode arrangements on arbitrary shape of 
phantom measurement for two-dimensional or three-dimensional imaging research . 
However, the forward problem has to be solved with the matching of the measured object 
and the appropriate mathematic model. Actually, the image reconstruction operation is a 
process to find a matched model for the imaged object. Alternatively, the matched model 
of the object is the desired image of the object. 
6.5 System timing and implementation 
The data acquisition system is controlled by system timing, which is stored in a 
programmable logic chip. All measurement process parameters including imaging 
frequency, driving and receiving electrode pattern, and delay time for signal settling, are 
set in a friendly software environment. Before the data acquisition task is taken, the 
timing logic is downloaded to the embedded hardware system. 
One frame data measurements (16 receiving channels X 16 driving channels 
For receiving channel one For receiving channellwo 
I I 
o 0 0 0 
Receiving channel one fixed for driving 16 channels Settling lime 
Seltling lime r'v~ _____ A ..... ____ -..., 
ry_---~A'--------..\ ~ rP-
Receiving channellwo fixed for driving 16 channels 
, ! ' 111213141516171 I 1 1 I 1 1111 
' i l l 2 1 3 1 4 1 5 1 6 I 7 I 8 1 9 110 111 1121 13114 115116 1 
AI receiving channel one and driving channel one 
AI receiving channellwo and driving channel one 
__ --.JA ..... --..... ,r 
__ ..... A ..... ___ 
I \ 
Sin 1 I SinX I CosinX l 1cosinx21 
Figure 6.19 MK2 system data collection timing 
The driving and receIvmg pattern starts at a selected recelvmg channel and then 
scanning a ll desired driving current channe ls. as illustrated in Figure 6.19. Th y tCIll 
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then moves on to another receiving channel and the process is repeated and so on. :-\ 
proper settling time is given before the shifted receiving channel starts because of the 
polarization potential effect. During all current drive electrodes combination scanning 
interval, the fixed receiving channel does not need settling time again. 
When a driving current is injected into the object, the voltage measurement on the 
configured electrode pair is taken and demodulated to the real and imaginary component. 
To increase the signal-to-noise ratio, each channel measurement starts with basic signal 
path gain, and then with the confirmed amplitude of the signal, a programmed gain is set 
to the signal path by means of a programmable gain amplifier. In the MK2 data 
acquisition system, the real and imaginary part measurement is based on the proper PGA 
gain settings. This timing sequence is illustrated in Figure 4.15. The detailed description 
of digital timing demands on measurement has been given in Chapter 5 on demodulation 
method discussion. 
The other control signals are also generated in the digital circuit for sample-and-
hold and sampling trigger. 
6.6 Safety design for medical application 
The EIT data acquisition system must meet the necessary safety regulation before 
use in the clinical trial. With the electrodes directly mounted on the body skin, the 
machine has to be isolated from the earth. The isolation ensures that no electric loop is 
formed when the current leakage occurs. 
In some medical applications, an isolation transformer is used for this purpose. 
However, in this case, the imaging frequency applied in the measurement is scanned over 
a wide bandwidth, which makes it extremely difficult to use a transformer in the current 
injection or voltage measurement side. Actually, it was used in single frequency ElT 
system design at very early age [33]. 
Another isolation technique is optical coupling, which uses electric-to-optical and 
optical-to-electric transform to achieve the isolation. The optical coupling devices 
normally have wide signal bandwidth, but lack enough accuracy on signal fidelity. 
Therefore, it is very difficult to be used in analogue signal path isolation. This technique 
is popularly used in digital signal isolation in the communication and data exchange 
fields. 
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Considering the data acquisition system power consumption and technique 
feasibility (wide bandwidth), the isolation is achieved in the design by a medical leyel 
isolation power supply and optical data isolation, shown in Figure 6.20. 
Other safety regulations are also considered in the system design including casing 
and grounding. The whole machine has to acquire authority approval prior to in vivo tests 
and clinical trials. 
The durability of body tissue to electric current increases as frequency increases. 
The bio-effect of the low frequency electromagnetic wave is mainly a heat effect, and the 
higher frequency wave can create a radiation effect for the living body tissue and cell. 
Some frequencies may also affect normal electro physiological activity in some special 
body parts. Therefore, the injected current energy must be limited to the safety level. 
The amplitude of injected current to the body object in this design is set at 1 rnA 
over the whole measurement bandwidth. In the saline phantom test, the injected current 
can be higher than this value to increase the signal-to-noise ratio during the research and 
development period. 
6.7 Summary 
The electrical impedance tomography displays the anatomical image of the body, in 
which a grey level of pixel represents a bio-impedance property at that point. A high-
speed data acquisition system can provide real time image that is significant when 
physiological monitoring is needed. Bio-impedance property changes also provide shape 
and status information about tissue or cell in physiological and pathological situation. In 
this application there is a need for a high sensitivity and high accuracy reconstructed 
tmage. 
U sing separate current source and voltage measurement circuit on each electrode 
combination, the parallel structure EIT data acquisition system definitely can provide 
higher speed data flow to image reconstruction and makes it suitable for physiological 
monitoring purpose. However, due to hardware cost and limited space, the parallel system 
cannot be used in high-density electrode array applications for either two-dimensional or 
three-dimensional EIT system implementation. 
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Figure 6,20 Electrical isolation in the EIT system design 
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The serial structure has a shared current source and a voltage measurement circuit 
which is multiplexed to each electrode combination for data acquisition. It has the 
potential to easily be extended to an application using a massive number of electrodes. 
In wide-band EIT system design, due to stray capacitance, the multiplexer reduces 
the output impedance of the current source and the input impedance of the front-end 
amplifier at high image frequency. The stray capacitance of the multiplexer mainly comes 
from the semiconductor material and the protection circuit used in the MOSFET 
manufacturing process. Some commercial products have improved parameters in recent 
years, and choosing the proper integrated circuit is necessary. In addition, using cascade 
multiplexers for a multi-channel application is another choice. It is always a trade-off 
between low capacitance and low on-resistance at multiplexer choosing. Coaxial cable 
affects the EIT system design and using a guard shield can improve the bandwidth to over 
1 MHz, but there is a huge manufacturing cost implication on using double shield coaxial 
cable. Therefore, there is a need to use shorter cabling connections. 
The active electrode technique is an ideal solution for the EIT data acquisition 
system. It integrates current source and front-end amplifier into the electrode. Therefore, 
the bandwidth of the hardware circuit will not depend on the cable, or multiplexer. The 
number of applied electrode employed is extendable. 
The measurement strategy for static or dynamic image reconstruction is discussed 
in this chapter. Combined with a flexibly system control timing, the complete firmware 
design is formed into the MK2 system. 
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Chapter 7 Electrodes System and Phantom 
7.1 Introduction 
The electrodes are used to inject current into the sample and sense the induced 
potential variations. In EIT data acquisition system, the electrodes are mounted on the 
surface of imaged object, and the reconstructed image resolution mainly relies on the 
number of applied electrodes. However, the number of electrodes cannot infinitely 
increase due to the contact problem with body tissue and space. The complex 
electrochemical reactions occur at the electrode-tissue interfaces that create polarization 
phenomena. These phenomena, which may induce large errors in the measurement affect 
the contact area of electrode, output impedance of the signal source, and the performance 
of the measurement circuit from the current source to the front-end amplifier and complex 
parameter demodulation. 
7.2 Electrode/tissue interface impedance 
When a metal is placed in an electrolyte, two different current transport mechanisms 
are involved: a faradic current and a capacitive current. The faradic current results from 
the transfer of charges across the interface (direct neutralization reactions between 
electrons leaving the electrode and positively charged molecules off the electrolyte). The 
capacitive current originates from the formation of Helmotz "double-layer": the electrical 
charges are distributed across the interface into two layers of opposite polarity that act as 
a capacitance. A current across the electrode interface results in the charging of this 
capacitance and then in the polarization of the interface [61]. 
The electrical charge generates a voltage, which is the so-called half-cell potential. It 
is impossible to measure this voltage on one single electrode. Moreover, the potential of 
one interface, because of opposite signs, tends to be compensated by the other interfaces. 
Consequently, the measurement of this potential is usually made against an arbitrary 
reference, a hydrogen electrode most of time. Actual values range from -1.66 volts to 
+ 1.69 volts can be found in the literature for different electrode types and solutions [62]. 
Temperature significantly affects the value of half-cell potential, and its stability depends 
strongly on the lnetal and the electrolytic solution. 
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Figure 7.1 Possible metal electrode model in electrolytic solution 
Figure 7.1 shows a possible model , where A and B stand for the input points. EA and 
E8 represent the respective half-cell potentials (polarities are arbitrary because they 
depend on the particular metal/electrolyte combination) ; CA and C8 correspond to the 
above mentioned capacitive components, and finally, R sA, R s8, R pA and R p8 take into 
account the series and leak parallel ohmic pathways [63]. 
Some researches [64, 65] have revealed that, for small signals and relative ly high 
frequencies , the interface impedance Zp can be summarily modelled by a resistance R and 
a reactance X in series whose values decrease when the frequency increases 
1 
Z p = R - jX = R + --jwC Eq7 .1 
This impedance is also called polarization impedance, and it van es as a function of 
frequency and cunent density and depends not only on the electrode materi al but also on 
the nature of the electrolyte [66]. Figure 7.2 gives the plots, between 100Hz and 100 KHz. 
of resistance R and capacitive reactance X for stainless stee l electrode [67]. 
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Fig.lIre 7.2 Resistance R and capacitive reactance X of the interface impedance for 
stainless steel electrodes with a cross-section O. 785cm2 [55] 
7.3 Electrode material 
In the four-electrode measurement, the polari zation effect on current electrodes is 
eliminated, but the polarization effect on the interface between the receiving electrodes 
and the electrolyte (tissue) can still affect the measurement result. The choice of the 
electrode material is important since it determines the dimension of the interface 
impedance for a given electrolyte, and enlarging the electrode surface area results in 
lowering the polarization potential. 
Silver-silver chloride electrodes have been extensively used for electrophysiological 
measurements because they are easy to manufacture in any desired shape and exhi bit 
stable potential. 
Platinum electrodes have interesting features when an alternating signal is applied, 
since their polarization impedance is lower than that of other materi als such as stainless 
steel or silver [67, 64]. Furthermore, platinum can be electrochemicall y coated with a 
porous layer of black platinum, which reduces the amplitude of the polarization 
impedance by a factor of four or more [68 , 67 and 69]. 
One answer is to make the electrical contact with the sample by means of an 
intern1ediate coupling medium, which allows the sample to be hand led without touching 
the porous layer. Thi s medium can be a ge l or a sodium chloride bridge [70]. 
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Increasing the surface area of electrode is a promising method [71 J to reduce the 
polarization voltage and high c 't Th" , apacI ance, IS mcreasmg of area is not an enlaroement c 
of absolute size of electrode, but the fractal contact area of electrode, With processing of 
, s s ee , w IC as Igh poianzatlon impedance at low sanding or sputtering the stainles t 1 h' h h h' " 
frequency , also improves its performance as shown in Figure 7.3, 
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Figure 7.3 Contact impedance Zp=Zmeas/2 for stainless steel electrodes (1) , and sanded 
stainless steel electrodes (2) of cross-section O.785cm2 for a current density of O.35mA/cm
2 
The use of ceramic material such as NASICON [72J , which makes it possibl e to 
build non-polarizable dry electrodes, could perhaps help solve this problem, However, 
this type of electrode exhibits extremely high interface impedance, It will be a huge 
challenge to current source in electrical impedance measurement, 
The toxic or catalytic effect of the electrode material on the ti ssue must also be 
taken into account. Prolonged contact between the electrode and a tis ue or and 
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electrolyte can cause oxidation phenomena or pollution of the surface. The choice of 
biocompatible material is a proper consideration. 
In the MK2 system design, comparing the performance and cost of different 
material on electrodes, the stainless steel is used in the measurement electrodes and saline 
tank phantom design. On in vivo study, silver-silver chloride electrodes are also used for 
body data acquisition, since it is commercially available. 
7.4 Electrode leads connection 
The electrodes for MK2 system are made of stainless steel A6, which is acid 
resistance material and can protect itself from rust and other corruptions. This property is 
essential as the application operates in an electrolyte environment. The contact surface of 
the electrode is roughened with sand paper to increase the actual area before 
measurements are taken. The tip of the electrode is a round area with a diameter of 3mm. 
The other end of the electrode is threaded for cabling and mounting. 
The leads interfaced to the analogue boards are D37 connectors, which are 
connected by 32 cables for a 32 electrodes configuration. The cables are terminated with 
an eyelet, so it will also be easy to connect to commercial silver-silver chloride electrode 
on body image reconstruction. 
7.5 Saline phantom design 
In image reconstruction algorithm development, the boundary voltages being 
measured are dominated by the internal impedance of the object. The process using 
measured boundary voltages to work out the internal impedance distribution of object is 
called the inverse problem solving. Because the number of independent measurements for 
any boundary electrode combination is much less than the number of pixels on the image, 
the calculation to the impedance distribution is not sole and the reconstructed image may 
not truly reflect the internal impedance situation. Therefore, the possible way to limit 
these undesired results is to try to set a precise mathematical model for the internal 
impedance distribution. Obviously, the modelling provides certain restrict on 
reconstruction and this leads the iteration process convergence quickly. In practice, this 
process is achieved by comparing the boundary voltages calculated from modelling \\ith 
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the measured voltages on the image object surface. It is also called as forward problem 
solving in the image reconstruction research. 
A saline phantom is designed for solving the fo rward problem in the electrical 
impedance tomography image reconstruction. A tank with surrounded electrodes 
provides an ideal shape for modelling. All boundary conditions can be controlled in the 
simplest situation. The tank is transparent to the researcher and the mathematical model 
can be easily checked with the simulated internal impedance distribution inside it. 
The saline tank is a cylinder container made of transparent material (Plexiglas). The 
internal content of the tank can be arranged to cope with the modelling assumption. The 
spatial position of the internal content can be measured for image resolution and fidelity 
calculation. The picture of the tank is shown in Figure 7.4. 32 stainless steel electrodes 
are mounted on the wall of the tank with equal distance, and the electrode surfaces are 
sanded to maximise contact area. The cable is fixed on the electrode with a nut and can 
easily be changed to configure a desired physical electrodes layout. The other end of the 
cable is connected to the D37 connectors mounted on the base of the phantom. This 
makes the tank convenient to move and clean. The tank has a special electrode near the 
bottom of tank cylinder, which is used for floating measurement as ground reference 
point to reduce the COlmnon mode voltage. 
Figure 7.4 The saline tan k 
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The electrolyte in the tank nonnally IS a solution of sodium chloride and its 
conductivity is monitored by conductivity meter. The leve l of the liquid has to be 
controlled to a proper height to refl ect the mathematical model. Each time after data 
acquisition, the tank must be emptied and then rinsed by clean water. It protects the 
electrodes from corroding. In addition, before the electrolyte is put into the tank. all the 
electrodes need to be carefully checked and cleaned to avoid any contact problems. 
The tank is designed for 2-dimensional image reconstruction research and is not 
suitable for 3-dimensional imaging. However, the current field fonned by the injected 
current is a 3-dimensional distribution and the modelling should reflect this situation. 32 
electrodes can be used as an interlaced arrangement configuration with 16 CLITTent 
electrodes and 16 voltage electrodes, or can be used as compound electrodes for 16 or 32 
electrodes configuration. 
7.6 Electronic network calibration device design 
Each working system needs a device for routine self-test before the data acqui sition 
is taken. However, the saline tank is a real physical object with all the problems met in 
body impedance data acquisition, such as contact impedance and polarization potential. It 
cannot be used in the electronic circuit system test due to these uncel1ainties. 
Figure 7.5 The electronic phantom 
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For electronic circuit test purposes, an electronic network is designed using high 
'- '-
precision (0.50/0) passive resistors, and this ensures the measurements made on it are 
relatively accurate. The network device is pictured in Figure 7.5 with 32 electrode 
connectors. 
Figure 7.6 Electronics phantom with 32 electrodes connection for EIT system calibration 
The network layout is shown in Figure 7.6. The voltage ratio between the maximum 
and minimum values occurring on the electrode pair, which is opposite the current 
electrode pair, and the electrode pair near the current electrode pair is about 1 :80. It can 
be seen that the resistor network satisfies the test of an electronic circuit designed fo r 
16/32 electrodes configuration EIT system, which has a 1:40 dynamic voltage range. 
It must be clear that this resistor network is not a simulation phantom of any 
physical object. It can just be simply used for circuit test purpose. The data set acquired 
from this device can give a position-identified image using a developed Image 
reconstruction algoritlun but the image has no physical meaning. 
The electrode and cable connection on the resistor network maintai ns the same 
design as the connection on the saline tanle Therefore, the electrode leads can be easily 
swapped between data acquisition and electronic circuit test. 
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7.7 Summary 
When metal electrode contacts electrolyte, the polarization phenomena occurs. This 
brings polarization impedance and polarization potential to the measurement circuit. The 
choice of the electrode material is important since it determines the dimension of the 
interface impedance for a given electrolyte. Obviously, enlarging the fractal area of 
electrode to reduce the interface impedance is a promising method. 
In the MK2 electrode system designed, stainless steel material is used to build the 
electrodes. This makes the electrodes easy to maintain and clean for repeat use. 
A saline tank phantom is designed for the Ell system to enable simulation for 
image reconstruction algorithm development, especially for forward problem solving. For 
convenience to test and debug the system, an electronic network is built. 
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8.1 Introduction 
The electrical impedance imaging technology has made great progress since 1980s. 
The data acquisition system has been developed from single frequency measurement in 
the early stage to multi-frequency wide band measurement. The configured number of 
electrodes is expanded from 8, 16 to 32 and even more to meet the demand on the 2D or 
3D high resolution image reconstruction. As it has been introduced in Chapter 1, the 
quality of reconstructed image does not only rely on the number of electrodes, but also 
rely on the data measurement accuracy and the image reconstruction algorithm. 
Most of real time image systems adopt parallel structure to enhance the data 
acquisition speed. Because the parallel measurement does not need multiplexing channels, 
the measurement bandwidth is mainly affected by the coaxial cable, which is used to 
connect the front-end amplifier and current source to the electrodes. Due to the expense 
increasing with increasing of applied number of electrodes, the systems with this structure 
are normally designed with very limited number of electrodes. 
The measurement bandwidth of a serial structure system is limited by the coaxial 
cable and the multiplexer, as discussed in Chapter 6. However, it has the ability to extend 
more electrodes with little hardware expenditure. Because the measurement channels 
share one current source and one front-end amplifier, a serial system is obviously suitable 
for high resolute or 3D imaging implementation, which normally needs a large number of 
independent data for image reconstruction. 
The problems in a serial structure system can be solved by means of distributed 
system, as discussed from Chapter 3 to Chapter 6. Using the method developed in the 
thesis, a high impedance current source and a front-end amplifier can be embedded into 
the electrode to form the active electrode. Thereafter, the measurement bandwidth and 
data acquisition speed can be improved to meet the demand. 
De Montfort MK2 system is based on the serial structure design with configured as 
16 current injection channels and 16 measurement channels. The machine is implemented 
as modularized flmctional block circuits, so that it can be upgraded easily by new research 
and development results 
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8.2 De Montfort MK2 System Description 
The block diagram of the MK2 data acquisition system is shown in Figure 8.1. The 
system consists of a voltage controlled current source, a front -end amplifier and a 
programmable gain amplifier, a demodulation circuit, an analogue-to-digital com'erter. a 
digital timing generation circuit, an electrode system, and a PC as imaging reconstruction 
and image display terminal. The MK2 is a serial structure system, which uses the 
multiplexers to take all the driving and receiving electrode measurement combination for 
a frame data set acquisition. 
Current 
Source 
I--
MUX MUX 
I PGA r-------...l...----,r---------~----L-_11 Control I 
Digital Control 
Dig ital Board 
Analogue/ 
Digital 
Convertor 
Demodulation 
Signal Isolation ~------1 PC 
Figure 8.1 The block diagram of the MK2 data acquisition system 
The voltage controlled current source injects constant current into the object to be 
. oed The control voltage is synthesized directly by the digital circuit in the mainframe lmao . 
machine, and then sent to the cunent source by proper terminated transmi ssion lines. The 
frequency , the phase and the amplitude of the cunent can be set simpl y in the PC 
software, The conversion from voltage to cunent is achieved by the Howland ci rcuit that 
has been di scussed in Chapter 3. Then, the co nstant cunent is multipl ex d to each of 16 
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driving channels. The current generator is on a separate board \\ith minimized physical 
size, so that it can be mounted on a place near the electrode system to reduce the length of 
coaxial cable. 
The front-end amplifier and PGA board provides 16 channels voltage measurement 
by means of multiplexing. The function block is packed in a separated metal case near the 
electrodes system. The voltage signals are introduced into the amplifier board by two D37 
connecters, and then the amplified signal is sent out to the demodulation board. All the 
analogue operations are synchronized by the data acquisition and PGA control timing 
signals, which are formed in a digital circuit in the mainframe machine. For system 
development convenience, the PGA gain setting is feedback to the data acquisition stage 
and used for offline data calibration. 
The demodulation of the amplified signals is achieved by the phase coherent 
demodulation method. The core circuit is a high-speed analogue quadrature multiplier and 
two timing-controlled broadband precise integrators, which work in tum to avoid waiting 
for the discharge. After demodulation, the signal is digitalized in the quantization process. 
In this system, a commercial high-speed analogue-to-digital conversion product is 
adopted to provide data sampling function (Databook 200), which has lOOK sampling per 
second with 16bit resolution. This data acquisition board also has flexible sampling 
trigger modes to match the control timing. After data acquisition is finished, the data set is 
sent to a computer for data storage and image reconstruction. 
The mainframe machine includes demodulation circuit, sme wave synthesizer, 
digital timing generation and communication interface to master PC. The digital timing is 
generated by a field programmable gate array (FPGA) chip, and at each time of data 
acquisition, the electrode configuration and measurement strategy is downloaded into it 
by the parallel port. The power rails for analogue and digital circuits are generated in a 
DC-DC switch mode conversion type power supply, which is specially designed for 
medical uses. The care has to be taken in the way of the analogue and digital grounding to 
avoid forming a noise path in the ground loop. 
The PC system is used as a human-machine interface for data acquisition strategy 
setting, data processing and final electrical impedance image reconstruction. The user can 
set the parameters for the image frequency combination. electrode driving and receiying 
configuration, the nUlnber of data frames to be collected, and signal-processing algorithm. 
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The electrode system can be connected to the patient with normal ph)' iological 
measurem ent electrode. In the laboratory , the machine is mainly used in the a line 
phantom m easurem ent for imaging reconstruction algorithm development. 
8.3 System performance 
The system is pictured in Figure 8.2, and the system specifications are listed in Table 
8.1 
Table 8.1 De Montfort MK2 EIT system main parameters 
VCCS frequency range: 10K-2MHz 
Output impedance of the current source: >1 OOkO as f<200KHz, >20kO as f< 1 M 
Output current value <2mA (peak-to-peak) 
Preamplifier CMRR: >60 dB @ imaging frequency < 1 MHz 
Channel CMRR: >50 dB 
Measurement range: ±5V 
Measurement accuracy: <0.5% 
Image frequency : 10 k-2MHz 
Maxim driving electrode number: 16 
Maxim receiving electrode number: 16 
Image reconstruction algorithm: Back-projection 
-
• I I' I • 
Figure 8.2 The De Montfort MK2 electrical impedance imaging system 
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8.3.1 System self-test and calibration 
The MK2 electrical imped d . . . " 
ance ata acqUlSltlon system IS desIgned with se lf-test 
and calibration function that t h ' b .c . 
runs a eac tIme elore the machme starting measurement. 
The self-test function includes calibration test and electrode connection test. which is 
critical to detect that all the electrodes and cable connectors have been properly 
connected. Whole procedure flowchart is shown in Figure 8.3. 
I Start l 
Parameters 
setting 
Download data 
acquisition st rategy System self-
to main frame test and 
machine calibration 
No 
System setting 
System check well? 
Yes 
Data 
transferred to Data 
PC acquisition 
Image 
reconstruction 
Figure 8.3 The executive flowchart of the system software functions 
The machine can be tested and calibrated on the electronic phantom to ensure all 
the test conditions are fit. In practice, the self-test runs at the first step of the measurement 
and alert the measurement operators on any potential problems. Even in saline tank 
measurements, the electrodes are very often corrupted by the saline. If the proper cleaning 
is not given to all metal electrodes, the abnOlmal contact impedance of electrode wi ll 
bring unexpected error to the data. The system calibration parameters include DC offset, 
integration constant, phase shift, and PGA gains. The calibration is taken on the electronic 
phantonl and measurements results are compared wi th the values already stored in the 
machine. 
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8.3.1.1 DC offset 
The DC voltage level shift is caused by the voltage draft and bias current of 
electronics devices. Most of DC offset has been removed by manual trims in the 
electronics assembly and test process. Some of DC offset is related to temperature 
changing. In addition, to temperature related drift, the offset voltage of a physical device 
changes as time passes. This aging effect is generally specified as long-term stability in 
~ V Imonth. If all these DC drifts are summed together, in some occasions. it will play an 
error source to the data measurements. 
The DC offset is mainly introduced at the demodulation stage. Before the signal is 
demodulated into its real part or imagination part, the signal is riding on the imaging 
frequency that is applied from injected current. This ac mode signal is immune to any dc 
mode error source. After demodulation, the signal is in the dc mode, and is easily 
corrupted by dc voltage, especially the dc offset from demodulation circuit itself. 
The dc offset can be either positive or negative value. 
In the data acquisition period, once the driving electrode pair is fixed, the sum of 
adjacent electrode pair measurements on all surround boundary electrodes should be zero. 
This is used as criteria to check the performance of data acquisition process. 
8.3.1.2 Demodulation integrators calibration 
To improve the data acquisition speed, the EIT system uses two integrators in the 
signal demodulation operation, as discussed in chapter 6. The integrator's integration 
result is dominated by its RC constant. However, in the circuit implementation, it is 
difficult to match these two integrators with same RC values. Therefore, the calibration 
procedure is required to correct the difference of the integration results. 
In MK2 system, the machine is controlled to acquire certain number of these two 
integrators' integration results with same amplitude of voltage signaL and then average 
the data to move the noise and calculate the relative difference of these two final values as 
calibration parameters. 
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8.3.1.3 PGA gains calibration 
When the data acquisition system finds the voltage signals are small comparing to 
the system's dynamic range, the PGA will automatically switch the signal path to a proper 
higher gain amplifier. With this higher gain amplifier, the quality of final measured data is 
obviously improved in terms of signal to noise ratio, as discussed in chapter 4. The gain 
that is automatically applied to the signal path can be found in two different ways. One is 
using the ratio of acquired SINX to SINI. Due to the error of measurement, this ratio is 
not exact value of gain applied in PGA. Therefore, in MK2 system the machine has to 
compare this ratio to the stored real PGA gain values to find which gain is applied. 
Another way is that the machine directly reads the gain control signals from the PGA 
circuit. 
8.3.2 Electronic phantom test 
The electronic phantom designed for the EIT data acquisition system test has been 
introduced in Chapter 7, which is made of resistor network. The electrodes configuration 
is shown in Figure 6.16. In MK2 system, 16 current injection electrodes and 16 voltage 
measurement electrodes can provide 256 data (interlaced electrode configuration and 
adjacent measurement). In the data collection strategy, the data are measured in the 
sequence of fixing receiving electrode pair first and then driving all neighbouring current 
pairs from 1 to 15 in tum. Figure 8.4 shows that the data set is displayed in the above 
manner. 
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Figure 8.4 The data set collected from the electric phantom test (16 driving channels by 16 
measurement channels) 
The standard deviation of continually acquired 50 frames of data on the electrodes 
is used as a measure of the noise level of signals, which is shown in Figure 8.6. The noise 
level on Sinl is in the range from 1.5m V to 2.5m V (Figure 8.6a), but it is improved on 
SinX after PGA gain calibration (Figure 8.6b). As the signal-to-noise ratio shown in the 
Figure 8.5 , it can be seen after with PGA amplification, that the noise mixed in the small 
signal has been reduced dramatically. 
80~------~------~------~------~------~ 
7 0 
6 0 
5 0 
CD 40 
-0 
30 
2 0 
10 
oL-------5~0-------1~0-0 -------15~0------~2~00~----~2~50 
16 dr ivi ng X 16 receiving c hanneldata (1 F rame ) 
Figure 8.5 The Signal-to-Noise ratios on the electronics ph an tom 
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Figure 8.6 The measured data noise level on the electron ics phantom 
(a) the noise level on Sin1 
(b) the noise level on SinX 
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8.3.3 Saline tank data collection 
The saline tank is made of transparent material Plexiglas, and 32 electrodes are 
mounted on its cylinder surface. In the image reconstruction algorithm development. the 
saline tank is used as a physical phantom to simulate the real body structure. For back 
projection image reconstruction, the image shows the different part of saline with object 
from its original static background. Therefore, in practice, the background data frame has 
to be taken before the objective data is collected over all electrodes configuration on 
saline tank. The uniform saline tank background data are shown in Figure 8.7. The noise 
level calculated by standard deviation of 50 frames data is shown in Figure 8.8. It can be 
seen that, when measurement channel switched from one channel to another, the different 
polarization potential on the electrodes cause large error to measurement results, as shown 
in Figure 8.8a. However, after longer time delay, the SinX data measured have no this 
effect displayed in Figure 8.8b. In addition, after PGA gains calibration, the noise level is 
decreased even further (Figure 8.8c). 
> 
O ne Ira m e data (S a Ii n e Ii lie d ta n k , f= 2 0 kHz ) 
2 ~------~--------~------~--------~------~ 
1 ,5 
o 5 
·0 5 
- 1 
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B o u nda r y position ( 16 dri v ing by 16 re c ei vin g ) 
Figure 8.7 The collected data set on saline tan k 
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Figure 8.8 The noise level of collected sal ine tank data set 
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Comparing with the 2D FE simulation data, as shown in Figure 8.9 . it can be seen 
the measured saline data set has larger dynamic range. The reason is that in the saline tank 
the current is distributed in whole saline volume, or say in 3D distribution. Due to thi s. the 
image reconstructed has certain distortion from its real structure. 
O ne frame d at a ( Sa line filled t a nk . f= 2 0k Hz ) 
3 
2 
> 
- 1 
- 2 
250 
5 0 1 0 0 1 50 200 
Boundary p os i tion ( 1 6 d r i vi n g by 16 re c ei vi ng 
Figure 8.9 The collected saline tank data set (b lue colour) and simulated data 
set from FE model (green colour) 
8.3.4 Human body image reconstruction 
The MK2 EIT system has been used in the monitoring of lung respiration ac ti vity . 
The Figure 8.10 shows reconstructed human chest slice image . In the body data 
collection, the system is also configured with 32 electrodes interlaced as 16 CUlTent 
electrodes and 16 voltage electrodes. The electrodes are normal ECG electrodes. Before 
the electrodes are mounted, the body skin is given certain shaving and cleaning to ensure 
good contact. 
As using the back projection algorithm, the background data set is essential fo r the 
image reconstruction. In practice, the different image is reconstructed between two data 
set of breath-in and breath-out. The test is operated on a healthy vo lunteer. 0 that hi 
breath can be controlled by a timing signal. For clinical usage . the breath monitoring and 
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e In ro uce to an automatic control of the data collection synchronization has to b . t d d 
process. 
I L 
·H 
.. J 
a b 
H 
I L 
·H ·H 
c d 
Figure 8.10 The dynamic images of a lung in the respiration reconstructed by the De 
Montfort MK2 EIT system 
8.4 Noise sources and analysis 
The noise from the measurement system includes the heat noise from both signal 
source and electronic con1ponents. Because this kind of noise is proportional to the root 
square of bandwidth of signal path, the broad imaging frequency definitely causes large 
thermal noi se. In additional, some digital circuit would also give interference to the ignal 
measurement path, even though it has been improved by proper grounding and shielding. 
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However, from the above analysis on the collected data: it can be seen that the 
er nOIse rom t e unsettled electronic circuit after each first data set Sin 1 has much larg . f h 
channel switching, comparing with SinX data, which is shown in the Figure 8.11 for 
detail. The main data distortion comes from the polarization potential due to the electrical 
chemistry reactions. 
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Figure 8.1 1 Measured signals (blue curve is Sin 1, green is SinX and red is simulated 
data. 
8.5 Summary 
The MK2 system is implemented in the serial structure with 16 current inj ection 
channels and 16 voltage measurement channels. It has been tested on the phantoms and 
clinical volunteers for the image reconstruction. 
The system is also used as a hardware platform for taking fm1her research and 
development activity. With proper electrode array design, the machine can be expanded 
to fit even more electrodes measurement for high-resolution reconstruction imaging and 
3D reconstruction imaging. 
The system has to be allowed enough settling time to cope with the measurement 
multiplexing due to the effect of polari zation vo ltage on the receiving electrodes . I n the 
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MK 2 system, the Sinl measurement is used for PGA gam selection, and this 
measurement period is necessary for circuit settling. 
The PGA is applied for small signal measurement. From the collected data set. it 
can be seen that the signal-to-noise ratio has been obviously improved. Using Sin 1 and 
SinX two-step measurement did slow down the data collection speed. It is the price paid 
for the precise measurement. 
The MK2 system has also been used continually on saline tank and human body 
image reconstruction for software development. It satisfied the design demands on further 
EIT research and development work. 
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9.1 Conclusions 
Using the developing technology of bio-impedance measurement the electrical 
impedance characteristics of biological tissue can be measured which may yield internal 
information about its structure and shape inside the living body. Using computer-aid 
image reconstruction techniques, electrical impedance tomography has become a new 
clinical diagnosis method. However, the current quality of acquired EIT images is still not 
of sufficient quality to satisfy the clinical demands comparing with other imaging 
technologies. This is directly limited by the number of surface electrodes for the 
impedance measurement used to provide independent measurement data for image 
reconstruction. This means that the number of pixels in the reconstructed image is 
dominated by the number of independent measurements in one frame data set acquired 
from data collection system. The improvement of EIT system requires even more 
electrodes applied to the measurement increasing the complexity and expense of the 
electronic system dramatically. In practice, the performance of an image system is not 
proportional to increasing of number of electrodes after the number of electrodes reaches 
a certain level. 
Many factors including injecting constant current, the input impedance and 
common mode rejection of a front-end amplifier, the material of electrodes and the 
contact impedance to an objective surface, all play important roles in the electronics 
system design. In addition, it has to be emphasized that the quality of reconstructed 2D 
EIT image would be degraded due to so-called "'3D field effect" since the current field 
distribution in the objective of imaging plane is always in 3-dimensional space. To 
overcome this effect, the ideal EIT image reconstruction must be carried out on the real 
3D objective, not on 2D slice. In summary, the current 2D EIT imaging introduces the 
systematic errors for any 2D image reconstruction algorithm due to the nature of current 
distribution in volumetric fields. 
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This thesis has comprehensively investigated number of key points of an EIT 
hardware system in the design issues, including measurement mode. current source, front-
end amplification and signal demodulation, the signal transmission carried by coaxial 
cable and multiplexers. This research work is carried out, mainly based on the De 
Montfort MK 1 EIT system, which is a single channel, serial data measurement system 
designed for bio-impedance analysis. 
Design of high quality current source with wide bandwidth and high output 
impedance is the key point to make a breakthrough to the new development of EIT 
system. The current source injects constant current into an object by a pair of electrodes 
based on four-electrode measurement principle. The equivalent electric circuit of a current 
generator is an ideal current source with parallel-connected output impedance. For a 
precision current design, the output impedance should be large enough comparing with 
the load impedance. The Howland current generator is a typical circuit used in the wide 
bandwidth EIT system design, which consists of a high-speed operational amplifier and a 
matched resistor network. In ideal situation, the equivalent output impedance of the 
Howland circuit is only dominated by the matching of resistance value of its resistor 
network. 
In this thesis, the detailed analysis has been given from the basic type to the 
modified Howland circuit design, which is based on the physical model of internal 
circuits of the selected operational amplifier. The open-loop gain and the input impedance 
of the operational amplifier have been investigated as main factors in the equivalent 
circuit modeling and analysis. Based on the mathematic analysis with the approved 
physical model, it has been indicated that the output impedance of the current source is 
affected mainly by the open-loop gain of the operational amplifier that is the core of 
Howland circuit, as described in equation Eq3.22. Especially at radio frequency, the open-
loop gain of op-amp decreases with the frequency increasing, so that the matching of 
resistors in Eq3.5 could not be reached in the practical circuit implementation. A 
compensation method to improve this situation has been given in the thesis, as shown in 
formula Eq3.26. Therefore, the developed current source can provide a highly constant 
current in a wide frequency bandwidth. 
This new compensation method can be achieved by usmg laser-trimming 
techniques in modem integrated circuit process. It means the Ho\vland circuit can be 
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made to a small package, and then embedded into the electrode body to form so-called 
active electrode. The active electrode can inject current into the object to be imaged 
without the effects of cables and multiplexers. 
This thesis also provides a method for achieving very high output impedance 
Howland current source design by using given precision commercial available resistors. 
At low frequency, the output impedance of the current source is dominated by the 
precision of resistors being used. 
The measured voltage signal is collected on the receiving electrode surround the 
boundary of object to be imaged. As the current is injected into the object in ac mode. the 
received signal is modulated on the imaging frequency carrier. The object to be measured 
is equivalent to a high impedance signal source due to the relatively higher tissue 
impedance and possible contact impedance. For wide bandwidth EIT system design, the 
front-end amplifier should have sufficient high input-impedance and common mode 
rej ection ability in the interested bandwidth. 
In this thesis, the front-end amplifier is designed on the three-op-amp structure 
instrumentation amplifier, with consideration of integration of embedded active-electrode. 
The analysis on the matching of resistor network is given for identification of the effect of 
common mode rejection. It makes manufacturing process become relatively simple. 
To improve the quality of reconstructed images, particularly in the central areas, 
the high precision amplification with large dynamic range is critical to collect very tiny 
signals. However, these measured tiny signals are usually contaminated by the noise and 
interference generated from electronic circuit and environments. In addition, the system 
errors are also generated from bias current and drift voltage introduced by the both 
electronic system and the temperature effect. To overcome these problems, full 
investigation and careful design of the programmable gain amplifier (PGA) have been 
carried out with adaptive amplification gain setting mechanism to improve the quality of 
small signal measurement. It has been achieved that the PGA with two-stage amplifier 
array would be able to provide 8-step amplification gains from 1 to 255 with wide 
bandwidth. From the saline phantom test result, it can be seen that the measurement is 
comfortable to achieve a 20dB signal-to-noise ratio improvement if the gain lOis set. 
In EIT system design, the real-time imaging needs high-speed data acquisition on 
the object boundary with all possible electrode combination. Howe\,er, the signal 
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measurement and the signal demodulation process needs sufficient time for analogue 
circuit settling. In the coherent demodulation, using an integrator instead of a low-pass 
filter reduces the data acquisition time of each data to several periods of carrier signal. In 
the MK2 system, the integration time is controlled in the consideration of settling time of 
signal channel multiplexing. It can provide one frame data acquisition with 256 (16 by 16 
channels) measurement in 0.1 second at 100 kHz image frequency. 
The effect of polarization potential is a main issue that is discussed in this thesis. 
Using proper calculated integration starting time (EqS.24 and EqS.27) can minimize this 
impact on the measurement reading. 
In this thesis, the studies of the signal transmission path in the serial EIT 
hardware, especially the key components such as multiplexer and cable has been 
comprehensively investigated. It is found that the input and output capacitance of FET 
analogue multiplexer damages the quality of well designed Howland current source and 
using coaxial cable makes this situation even worse. The parasitic capacitance of these 
devices also affects the performance of input impedance of front-end amplifier. This 
problem becomes worse at high image frequency. 
The final part of the thesis, author gives a distribution structure layout with 
applying new active electrode. The main contents and contributions of this research have 
been directly used in the De Montfort MK2 EIT system implementation. 
9.2 Contributions of the thesis 
The contributions of this thesis to the EIT research work are mainly in the 
hardware design and implementation of the data collection system, from its electric circuit 
analysis to measurement methodology study. 
(1) The high quality current source for EIT technology 
A main function block of EIT system is the constant current source. As a popular 
used current generator, the Howland circuit is simple and easy achievable comparing with 
other electronic circuits. However, its output impedance is measured at the \e\'el of 
hundreds of thousand ohms and goes down dramatically with increasing of measurement 
frequency. This thesis gives a complete analysis result based on the op-amp electric 
circuit model and found that the constraints of output impedance of Ho\\\and is due to the 
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limited open-loop gain of op-amp, especially at radio frequency. According to this 
finding, the thesis provides a compensation method for improvement of output impedance 
on Howland circuit. This result . . 11 . 1 furth IS espeCla y cruCla to er active electrode 
implementation. 
(2) The extra high gain-bandwidth amplification system 
Another difficulty in the EIT data acquisition system is the signal-to-noise ratio 
improvement with wide frequency bandwidth. Because the dynamic range is much larger 
in some measurement configuration, it is necessary to introduce programmable gain 
amplifier (PGA) that can provide individual gain setting for each measurement. This has 
been implemented in the MK2 system, and from the test results, it can be seen that the 
small signal's quality is improved at least 20dB. 
(3) The analysis of the electrode system configuration 
The polarization potential gives the main effect on the analogue circuit settling. 
This thesis also gives a mathematically analysis on its impact. In addition, a 
comprehensive solution on system timing planning is given to limit this effect. 
(4) The overall design of the MK2 EIT system 
All these achievement of this thesis to EIT research and development have been 
applied in the design of the MK2 system. The MK2 system has been used in the research 
work in 3D and Imaging Group in De Montfort University. 
9.3 Future works 
The De Montfort MK2 data acquisition system is development in serial structure. 
The main problems are the measurement bandwidth and data acquisition speed. The 
solution relies on the application of active electrodes and distributed system design. Due 
to the expense of integrated circuit manufacturing, the improved Howland circuit has not 
been embedded into the electrode body for testing. Obviously, it will be the important 
work in the De Montfort MK2 system research and development. 
Because the digital circuit is based on the FPGA logic chip, the system 
configuration and control timing have to be downloaded from the PC by means of the 
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parallel port. The system timing lacks flexibility for some precise adjustment. especially 
for settling time setting. This part of the system can be implemented using digital signal 
processor with high-speed universe serial bus (USB) connection to PC master. so that the 
developed method for settling time setting to minimize the impact of polarization 
potential can be achieved easily. 
Digital signal processor can achieve the signal demodulation in digital format so 
that it can further improve the measurement quality, as discussed in the chapter 6. It also 
provides flexibility for on-line data processing and calibration work. 
All these are expected in the De Montfort MK3 system design and 
implementation. 
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AC 
CMOS 
CMRR 
DC 
DDS 
DSP 
ElM 
EIT 
FEM 
FET 
GIC 
IC 
JFET 
MUX 
PCB 
PGA 
PSD 
PSPICE 
PSRR 
RMS 
VCCS 
ABBREVIATION 
Alternating Current 
Complementary Metal Oxide Semiconductor 
Common Mode Rejection Ratio 
Direct Current 
Direct Digital Synthesizer 
Digital Signal Processor 
Electrical Impedance Mammography 
Electrical Impedance Tomography 
Finite Element Method 
Field Effect Transistor 
General Impedance Converter 
Integrated Circuit 
J type Field Effect Transistor 
Multiplexer 
Printed Circuit Board 
Programmable Gain Amplifier 
Phase Sensitive Demodulation 
Pc version Simulation Program for Integrated Circuits Emphasis 
Power Supply Rejection Ratio 
Root Mean Square 
Voltage Controlled Current Sources 
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